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 Chapter 1 
Introduction 
 
Lanthanoid coordination polymers are multi-functional materials that can be used in various 
applications. Lanthanoid ions and lanthanoid coordination polymers exhibit typical 
lanthanoid emissions from the 4f-4f transitions. In this introductory chapter an overview is 
given of known lanthanoid coordination polymers, with special attention for the dual-
emission lanthanoid coordination polymers. Furthermore, coordination polymer films and the 
substrates for the preparation of such films are included. At the end of this chapter a short 
















1.1 Lanthanoid ions and luminescence 
Lanthanoid compounds are widely used in lasers, phosphors, luminescent sensors, security 
ink and biomarkers, due to the unique photophysical properties of trivalent lanthanoid ions.1, 2 
With the exception of LaIII (4f0) and LuIII (4f14), all lanthanoid ions exhibit characteristic 
sharp-line luminescence emission covering the whole spectrum range, from the UV (GdIII) to 
the visible (PrIII, SmIII, EuIII, TbIII, DyIII and TmIII) and further into the IR region (PrIII, NdIII, 
HoIII, ErIII and YbIII).1, 3  
Table 1.1 Electron configurations of the lanthanoid atoms and ions 
Symbol Electronic configuration outside [Xe] Ground state LnII I 
Ln LnII I 
La 5d16s2 - 1S0 
Ce 4f15d16s2 4f1 2F5/2 
Pr 4f36s2 4f2 3H4 
Nd 4f46s2 4f3 4I9 /2 
Pm 4f56s2 4f4 5I4 
Sm 4f66s2 4f5 6H5/2 
Eu 4f76s2 4f6 7F0 
Gd 4f75d16s2 4f7 8S7/2 
Tb 4f96s2 4f8 7F6 
Dy 4f106s2 4f9 6H15/2 
Ho 4f116s2 4f10 5I8 
Er 4f126s2 4f11 4I15 /2 
Tm 4f136s2 4f12 3H6 
Yb 4f146s2 4f13 2F7/2 
Lu 4f145d16s2 4f14 1S0 
 
Most absorption processes of the LnIII ions involve an intraconfiguration of 4f electrons in the 
4f sub-shell, which is forbidden by selection rules (Table 1.1).4 As a consequence, the direct 
absorptions of LnIII ions are very weak. In lanthanoid coordination compounds, the photon 
energy is usually absorbed by the organic ligands and then transferred to the LnIII emitting 
centers, which is known as the “antenna effect”.5, 6 The mechanism of the antenna effect was 
discussed by Crosby and When; the process is depicted in Figure 1.1.7-9 The irradiation 
energy is first absorbed by (a part of) the organic ligand, by which an electron is excited from 
the singlet ground state of the ligand (S0) to a short-lived singlet excited state (S1). The energy 
of the electron in S1 might be released via a radiative process (ligand fluorescence, S1S0) or 
non-radiative decay (through vibrations of ligand or solvent molecule),9 or by intersystem 
crossing (ISC) to the longer-lived triplet state (T1). The energy at T1 may be released via a 
radiative pathway (ligand phosphorescence, T1S0) or a non-radiative pathway (NR), or can 
be transferred to a lanthanoid excited state (4f*). The energy at the lanthanoid excited state 
(4f*) may be emitted radiatively (luminescence, 4f*4f) or non-radiatively (NR). The 
energy-transfer pathway from the ligand singlet state (S1) to a lanthanoid emitting level (4f*) 
is also observed, for example in TbIII and EuIII complexes.3, 4, 10, 11 Due to the short lifetime of 
9 
the S1 state compared to the long lifetime of the Ln
III excited state, this pathway is not efficient 
and not very important for sensitizing.  
 
Figure 1.1, Jablonski diagram describing the energy transfer processes in lanthanoid complexes. A = 
absorption; F = fluorescence; P = phosphorescence; NR = non-radiative decay; L = Luminescence. 
Figure adapted from reference 6. 
The energy-transfer process from ligand excited states to the energy levels of the lanthanoid 
ions can proceed via Fӧrster or Dexter mechanisms. The Dexter mechanism involves an 
electron-transfer process between the ligands and the LnIII ion; good orbital overlap and a 
short distance between the LnIII ion and the ligand are required.12 In the Fӧrster mechanism, 
electronic multipole interactions between the ligands and the LnIII ion occur; large oscillator 
strength is required for efficient energy transfer.13 The luminescence performance of an 
emitting center is evaluated by the quantum yield, which is defined as the ratio of the number 





                                               (1) 
 
To make the energy transfer process efficient, it is important that the triplet excited state of 
the ligand has a suitable energy. Latva et. al. studied the intramolecular energy-transfer 
process from the triplet energy level of the ligand to the resonance levels of the LnIII ions in 
more than 40 different EuIII and TbIII compounds. The results show a clear relationship 
between the energy level of the ligands triplet state and the luminescence quantum yield of the 
corresponding LnIII complexes. For example, in a TbIII complex, when the energy gap 
between the triplet energy level of the ligand and the terbium(III) 5D4 level (20430 cm
–1) is 
smaller than 1850 cm–1, energy back transfer from the 5D4 level to the ligand triplet level may 
occur resulting in a dramatic decrease in the luminescence quantum yield.15 
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The energy level of triplet states of ligands are often determined from the shortest wavelength 
of phosphorescence spectra of their GdIII complexes at 77 K. The cryogenic temperature 
enhances the phosphorescence emission, which is often weak at room temperature due to 
solvent quenching. In most cases, the resonant 4f level of the GdIII ion (6P7/2, 32150 cm
–1) is 
above the triplet energy level of the ligands. Therefore, energy transfer from ligands to the 
GdIII ion cannot occur and only the emission from the ligand can be observed. Besides, heavy 
ions like GdIII improve the intersystem crossing from the singlet to the triplet excited state of 
ligands.16, 17 The coordination mode and crystal structure may influence the energy level of 
the triplet excited state of ligand. However, due to the similar radii of the GdIII (0.710 Å) and 
other LnIII ions (Sm, 0.737 Å; Eu, 0.723 Å; Tb, 0.698 Å; Dy, 0.686 Å), their coordination 
compounds most likely share the same crystal structure.18  
1.2 Lanthanoid CPs 
1.2.1 MOFs and CPs 
Metal-organic frameworks (MOFs) and coordination polymers (CPs) are promising 
multifunctional materials for various applications, such as separation, sensing, catalysis and 
H2 storage.
19-24 In the early literature, the nomenclature of metal-organic frameworks (MOFs) 
and coordination polymers (CPs) was not well defined, causing misunderstanding and 
confusion. In 2013 the International Union of Pure and Applied Chemistry (IUPAC) 
recommended clear definitions of MOFs and CPs.25 CPs are coordination compounds (1D, 2D, 
or 3D) containing repeating coordination units, while MOFs are CPs with voids in the 
structure.  
1.2.2 Luminescent lanthanoid CPs 
Amongst the coordination polymers, the subcategory of lanthanoid-containing coordination 
polymers, self-assembled from organic ligands and lanthanoid ions, have attracted much 
attention in the past decades. Lanthanoid-based CPs not only have well crystalized structures, 
but in addition show characteristic luminescent and magnetic properties of the lanthanoid ions. 
Lanthanoid CPs are of great interest for various applications, such as phosphors for use in 
LEDs, luminescent sensors and catalysts.26, 27 LnIII ions are hard Lewis acids and preferably 
bind to ligands with hard Lewis basic donor atoms such as N and O. Due to the high 
coordination numbers and flexibility of the lanthanoid coordination spheres, it is generally 
rather difficult to obtain high quality crystals of Ln-based CPs.24 Most ligands that have been 
reported for lanthanoid-based CPs contain aromatic carboxylate groups (Ar-COO–); the rigid 
aromatic structure and the hard Lewis basic carboxylate donor atoms help to form highly 
crystalized products (Figure 1.2). 
11 
 
Figure 1.2. Examples of ligands used in lanthanoid coordination polymers. 20, 23, 28-33  
1.3 Origins of luminescence in Ln-based CPs 
1.3.1 Luminescence based on lanthanoid ions 
Coordination polymers containing LnIII ions may exhibit characteristic LnIII emission in both 
the visible and the IR range. Most of the Ln-CPs are based on SmIII, EuIII, TbIII and DyIII, 
emitting orange, red, green and white light, respectively. IR emitting Ln-CPs (Ln = YbIII, NdIII 
and ErIII) are rarely reported mainly due to the small energy gaps between the resonance level 
and the ground state of these ions. The energy at the resonance levels of these LnIII ions can be 
easily quenched by C=C, O–H, N–H and C–H vibrations.27  
In 2009, White et. al. reported a new NIR-emitting MOF ([Yb2(pvdc)3(H2O)2] 
(DMF)6(H2O)8.5, H2pvdc = 4,4’-[(2,5-dimethoxy-1,4-phenylene)di-2,1-ethenediyl]bisbenzoic 
acid), in which the YbIII ion is efficiently sensitized by the ligands.34 By using a mixture of 
YbIII/ErIII salts, multiple NIR emissions were obtained, which can be used as NIR luminescent 
barcodes.35 The NIR emission from Ln-CPs can be improved by fluorination of the ligand, 
because of the lower quenching efficiency of the C–F bond compared to the C–H bond, and 
by dehydration to remove the H2O molecules surrounding the lanthanoid ions.
36, 37   
1.3.2 Luminescence based on ligands (fluorescence and phosphorescence) 
In the emission spectra of lanthanum or gadolinium coordination polymers, broad band blue 
emissions from the ligands are usually observed under the irradiation of UV light. As the 
energy of the lowest emitting level of GdIII (6P7/2, 32150 cm
–1) is higher than the triplet energy 
level of most ligands, energy transfer from the ligands to the GdIII ion in most cases cannot 
occur.38 The LaIII ion does not have 4f electrons and thus the emission spectra of LaIII 
complexes only contain the broad band ligand-centered emission.39-41 
The blue emissions of the GdIII-based CPs are generally used for designing white light 
emitting materials. Emission of white light can be achieved by doping TbIII and EuIII ions into  
12 
 
Figure 1.3. An overview of the ligands that have been used in white light emitting CPs.22, 38, 42-47 
the GdIII-based CPs. The TbIII and EuIII ions exhibit green and red luminescence, respectively, 
whereas the ligands will emit blue light. By careful tuning of the Tb/Eu/Gd ratio, the emission 
color can be changed gradually and white light emission can be achieved. An overview of 
ligands that have been used in such white light emitting CPs is given in Figure 1.3. 
1.3.3 Luminescence based on guest molecules 
Due to the highly porous nature of MOFs, they can be used as hosts; guest molecules such as 
organic dyes can be introduced into the channels. A large pore size of the MOFs is one of the 
requirements for an efficient host. Due to the difficulty to make Ln-MOFs with large pore 
sizes, Ln-MOFs with encapsulated dyes are rarely reported. The Ln-MOFs containing 
encapsulated organic dyes can exhibit both the sharp-line emission from the LnIII ions as well 
as the broad-band emission from the organic dyes under UV irradiation. Cui et. al. reported an 
Ln-MOF host ([Eu2(qptca)(NO3)2(DMF)4]•(CH3CH2OH)3, H4qptca = quaterphenyl 
tetracarboxylic acid) incorporating the organic dye perylene (Figure 1.4).48 As expected, when 
excited by 388 nm UV this material simultaneously shows the emission from the EuIII ion 
(615 nm) and perylene (473 nm). The intensity ratio of the EuIII and perylene emission shows 
a good linear relationship with temperature in the range of 20 to 80 °C. Further studies 
demonstrated that apart from energy transfer of the ligand qptca to the EuIII ion, energy 




Figure 1.4. Composition of the host-guest MOF reported by Cui et. al.; a) the ligand H4qptca; b) 
projection of the structure of the MOF [Eu2(qptca)(NO3)2(DMF)4]; c) perylene. 
1.4 Dual emission Ln-CPs 
1.4.1 Mixed lanthanoid CPs 
Due to the highly similar chemical properties of lanthanoid ions, it is possible to prepare Ln-
based CPs with more than one kind of lanthanoid ions occupying the identical coordination 
sites. By rationally choosing a mixture of lanthanoid salts, dual luminescent emission can be 
realized from two individual emitting centers in one Ln-based CP. These dual emission Ln-
CPs have been proved to be promising materials e.g. for application as sensors for 
temperature or small organic molecules.6 
 
Figure 1.5.Examples of dual-emission Ln-based CPs. a) Ln-dmbdc; b) Ln-pia; c) Ln-cpda.30, 49, 50 
1.4.2 Dual emission Ln-CPs as ratiometric thermometer 
In 2012 Qian et. al. reported the first self-calibrated ratiometric luminescent MOF 
thermometer, the compound {(Eu0.0069Tb0.9931)2(dmbdc)3(H2O)4·DMF·H2O}n (H2dmbdc = 
14 
2,5-dimethoxy-1,4-benzenedicarboxylate) (Figure 1.5a).49 The compound shows intense 
photoluminescent emission from both the EuIII and the TbIII center under the irradiation of 
near-UV light (381 nm). The triplet energy level of the organic ligand dmbdc 2− is 23306 cm−1, 
based on DFT calculations, which enables an efficient energy transfer from the ligand to the 
emitting levels of both EuIII and TbIII. The excitation spectrum and decay curve of the EuIII 
center (monitored at 615 nm) indicated that energy transfer from TbIII to EuIII takes place. The 
temperature-dependent emission spectra of the compound Eu0.0069Tb0.9931 dmbdc show, as the 
temperature increases from 50 K to 200 K, that the emission arising from the EuIII ion 
increases while the emission from the TbIII center decreases due to phonon-assisted energy 
transfer. A good linear relationship was found between the intensity ratio ITb/IEu and 
temperature, which could be fitted by the equation T = 287.09 – 263.85ITb/IEu, showing that 
the compound can be used as a ratiometric luminescent thermometer. 
Qian et. al. reported another two ratiometric thermometers Tb0.9Eu0.1pia 
({Tb0.9Eu0.1(Hpia)(pia)(H2O)2.5}n, H2pia = 5-(pyridin-4-yl)isophthalic acid, Figure 1.5b) and 
Tb0.957Eu0.043cpda ({Tb0.957Eu0.043(H2cpda)(Hcpda)(H2O)•6(H2O)}n, H3cpda = 5-(4-
carboxyphenyl)-2,6-pyridinedicarboxylic acid Figure 1.5c).30, 51 The compound Tb0.9Eu0.1pia 
shows a relative sensitivity up to 3.27% K–1 in the range of 100 to 300 K. The compound 
Tb0.957Eu0.043cpda shows a good sensing performance in the temperature range of 40-300 K, 
with a highest relative sensitivity of 16.03% K–1 at 300 K. The triplet energy level of the 
ligand H2cpda is 27027 cm
–1. The higher triplet energy level of ligand can reduce the energy 
back transfer from the excited state of the TbIII ion to the ligand, thus enabling more efficient 
energy transfer from the TbIII ion to the EuIII center. An overview of the ratiometric Ln-based 
CPs that have been reported as ratiometric thermometers based on phonon-assisted energy 
transfer from TbIII to EuIII is provided in Table 1.2. 
Table 1.2. The temperature range and relative sensitivity (highest value) of reported ratiometric MOF 
thermometers . 
Materials  T (K) S (% K–1) Reference 
Tb0.914 Eu0.086 –pda 10-325 5.96 52 
NP4-1.3 293-320 1.5 53 
Tb0.99Eu0.01(bdc)1.5(H2O)2 298-318 0.37 54 
Eu0.0069Tb0.9931-dmbdc 50-200 1.15 49 
Tb0.9Eu0.1pia 100-300 3.27 30 
Eu0.2Tb0.8L 40-300 0.15 55 
ZJU-88⊃perylene 293-353 1.28 48 
Eu3+/Tb3+@1 283-333 4.46 56  
Ad/Tb0.999Eu0.001/bpdc 100-300 1.23 57 
[Tb0.99Eu0.01(hfa)3(dpbp)]n 200-450 - 58 
[Tb0.98Eu0.02(oa)0.5(dstp)]·3H2O 75-275 6.53 59 
[Tb0.98Eu0.02(bdc)0.5(dstp)]·2H2O 125-250 8.83 59 
Eu0.7Tb0.3(cam)(Himdc)2(H2O)2 100-450 0.11 60 
Eu0.05Tb0.09Gd0.86-dsb 20-65 2.37 61 
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1.4.3 Dual emission Ln-based CPs as sensors 
Duan et. al. described a multifunctional lanthanoid-based metal-organic framework, Tbtca 
([Tb(tca)(DMF)2]n, H3tca = tricarboxytriphenylamine), which shows the emission from both 
the TbIII ion (540 nm, green) and the ligand (435 nm, blue) when excited by 350 nm UV 
light.62 This material can be used as chemosensor for salicylaldehyde with a sensitivity of 10 
ppm. In the presence of salicylaldehyde the intensity ratio I540/I435 increased due to the 
replacement of solvent coordinated to the TbIII center by salicylaldehyde.  
1.5 CP films 
1.5.1 General 
Coordination polymers have been recognized to be promising materials for application in 
sensing, catalysis and separation. To improve the performance of such materials it is of great 
interest to prepare uniform, crystalline CP-containing films. By judicious choice of the 
substrates, the crystallization process of the CPs as thin films can be promoted.63 CP films are 
usually assembled on different substrates, such as metal surfaces (copper or zinc), metal 
oxides (indium-tin-oxide coated glass, ITO glass) or substrates modified with organic 
molecules.   
1.5.2 CP films on metal surfaces 
Qiu et. al. reported the first example of a CP film, comprising of Zn3(btc)2 (H3btc = 1,3,5-
benzenetricarboxylic acid) on the surface of a zinc wafer.64 The crystallization process is 
promoted by the interaction of the organic ligand with the zinc surface under hydrothermal 
conditions. The zinc surface provided the zinc ions and improved the nucleation of the CP on 
the zinc surface. Similarly a CP film was prepared of the compound Cu3(BTC)2 on a copper 
surface.65, 66 
1.5.3 CP films on metal oxide substrates 
Metal oxides may promote the nucleation process, thus improving the quality of CP film. In 
2013, Qian et. al. reported the indium-containing film based on the MOF MIL-96(In) 
(In12O(OH)12[(OH)4·(H2O)5](btc)6) which was successfully prepared on ITO glass under 
hydrothermal conditions.67 Similar as proposed for the metal substrates, the indium oxide on 
the surface of ITO glass promoted homogeneous nucleation of the CP film. Other CP films 
containing indium metal centers have also been prepared using ITO glass as the substrate.63, 68, 
69 
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1.5.4 CP films on substrates modified with organic molecules 
Organic molecules containing carboxylate groups on the surface of substrates can promote the 
nucleation process of polymer films via the coordination of metal ions from solution. In 2005, 
Fisher et. al. studied the Au(111) surface modified with 16-mercaptohexadecanoic acid and 
perfluorododecane thiol for the assembly of a MOF-5 film (Zn4O(bdc)3, H2bdc = 2-
hydroxyterephthalic acid).70 Due to the relatively weak binding of the thiol group to the gold 
surface, the film was prepared at room temperature. Bein et. al. reported the synthesis of CP 
films based on the MOF [Cu3(btc)2(H2O)3]·xH2O on a gold surface modified with different 
organic molecules. Further studies demonstrated that the terminal group on the surface of Au 
influenced the crystal orientation.71  
1.5.5 Lanthanoid-containing CP films 
Although lanthanoid-containing CPs have emerged as potential candidates for sensing and 
separation applications, until now it is still a challenge to fabricate high quality Ln-based CP 
films on the surface of substrates due to the high coordination numbers and flexibility of the 
lanthanoid coordination spheres.24 Most CP films containing lanthanoid ions reported in 
literature were prepared using the strategy named as post-synthesis, which is illustrated in 
Figure 1.6. 
 
Figure 1.6. A schematic representation of the post-synthesis strategy. 
In this post-synthesis process, films of MOFs (usually based on transition metals) were 
prepared on substrates first. Then the substrates covered with the MOF film were immersed 
for several hours into a solution containing the lanthanoid salts. The substrates were then 
taken out of the solution, washed and dried. The LnIII ions can be simply introduced as guests 
in the voids of the MOF-based film without any additional interactions,72 or be connected to 
uncoordinated sites in the MOF film.73 Several MOF films have been used successfully as the 
“host”, such as the compound [In3O(OH)(H2O)2(btc)2]•nH2O, (H3btc = 1,3,5-
benzenetricarboxylic acid) on ITO glass,68, 69 or the compound [Al(OH)(bpydc)] on quartz 
(H2bpydc = 2,2′-bipyridine-5,5′-dicarboxylic acid)
74. Other methods have also been developed 
for the preparation of Ln-based CP films, such as electrochemistry,75-78 or the sol-gel 
method.73, 79, 80  
17 
1.6 Aim and scope of this thesis 
The research described in this thesis focused on the preparation of lanthanoid-based 
coordination polymers, especially CPs containing two or more different lanthanoid ions, and 
the exploration of their applications in sensing.  
In Chapter 2, the synthesis and characterization of the porous metal-organic framework, 
Tb0.95Eu0.05HL ({[Tb1.87Eu0.13(HL)2(H2O)3]·5.5H2O}n, H4L = 5-hydroxy-1,2,4-
benzenetricarboxylic acid), is described. Further study demonstrated that this material can be 
used as good ratiometric luminescent thermometer in a wide temperature range from 4 to 290 
K, with an especially good performance in the temperature range 4 – 50 K. 
In Chapter 3, the synthesis and characterization of the luminescent coordination polymer 
La0.95Tb0.05HL (H4L = 5-Hydroxy-1,2,4-benzenetricarboxylic acid) is reported. Both the 
broad band phosphorescent emission from the ligand and the sharp line emission from the 
TbIII center can be observed under the excitation of 325 nm UV light. This material can be 
used as good ratiometric thermometer in the temperature range of 90 to 280 K with a 
sensitivity up to 0.53% K–1. 
The one-step hydrothermal synthesis of a lanthanoid-based MOF film was achieved by using 
Gd2O3 pellet as the substrates, as described in Chapter 4. A highly uniform and defect-free Ln 
film (Ln = TbIII, EuIII, GdIII) was obtained. Furthermore, the mixed Ln film was proven to be 
temperature sensitive in the temperature range of 110 – 250 K, with a sensitivity up to 0.8% 
K–1. 
New coordination polymers with the general formula [Ln2(H6L)(H4L)(H2O)2]n (Ln = Sm
III, 
EuIII, GdIII, TbIII, DyIII, H8L = tetrakis(3,5-dicarboxyphenoxymethyl)methane) were 
synthesized under hydrothermal conditions, as reported in Chapter 5. With the exception of 
the Gd-based compound, all compounds show the typical lanthanoid emission peaks. By 
tuning the ratio between TbIII and EuIII, color-tunable coordination polymers were obtained, 
which is potentially useful for sensing. 
In Chapter 6, the synthesis is described of a luminescent lanthanoid-based film using a ligand 
with triethoxysilyl groups for anchoring on the surface of glass. The film on the glass surface 
shows intense red emission under the irradiation of UV light. The luminescence studies 
demonstrated that the coordinated water molecules from the precursor complex 
[Eu(dbm)3(H2O)2] are replaced by ligand donor atoms, resulting in higher luminescence 
quantum yield of 26%. 
Parts of this thesis have been published (Chapters 2, 3, 4 and Appendix 1), are submitted 
(Chapter 6), or are in preparation for submission (Chapter 5). 
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 Chapter 2 
A mixed-lanthanoid metal-organic framework for ratiometric cryogenic 
temperature sensing 
 
A ratiometric thermometer based on a mixed-metal LnIII metal-organic framework is reported 
that has good sensitivity in a wide temperature range from 4 to 290 K and a quantum yield of 
22% at room temperature. The sensing mechanism in the europium-doped compound 
Tb0.95Eu0.05HL (H4L = 5-hydroxy-1,2,4-benzenetricarboxylic acid) is based not only on 
phonon-assisted energy transfer from TbIII to EuIII centers, but also on phonon-assisted 
energy migration between neighbouring TbIII ions. It shows good performance in a wide 























This chapter has been published: 
X. Liu, S. Akerboom, M. de. Jong, I. Mutikainen, S. Tanase, A. Meijerink and E. Bouwman, 




In recent years, lanthanoid metal-organic frameworks (Ln-MOFs) have emerged as very 
promising multifunctional materials because of the attractive topology structures and their 
unique luminescence properties, such as the well-defined line emissions, high quantum yields, 
and long emission lifetimes.1 A variety of Ln-MOFs has been studied for e.g. sensing of small 
organic molecules, temperature sensing, gas storage and separation, proton conduction and 
heterogeneous catalysis.2-5  
Temperature is the most important physical property in both science and industry.6 
Temperature-dependent emission of lanthanoid ions is a key feature for developing new 
temperature sensors, as changes in temperature can be reflected by the changes of 
luminescence intensity and lifetime.2 The luminescent lanthanoid thermometer shows the 
advantages of fast response, high sensitivity, noninvasive operation and inertness to strong 
electric or magnetic fields.7-9 Compared to lifetime measurements, emission intensity 
measurements are more straightforward and readily carried out. Most of the emissive 
temperature sensors are based on only one type of lanthanoid ion. However, their accuracy is 
easily influenced by the light source intensity, excitation power, and the drifts of the 
optoelectronic system.9 It is possible to avoid these drawbacks by referring the temperature to 
the intensity ratios of selected emission peaks rather than to individual peaks.2 Two 
luminescence transition methods have been reported based on EuIII and TbIII coordination 
compounds, and ErIII/YbIII nanoparticles.10 The main advantage is that a single emission 
spectrum contains all the information needed to compute the absolute temperature.5 
With the development of aerospace, superconducting magnets and nuclear fusion power 
research, the availability of thermometers for cryogenic temperatures has become more 
important.11, 12 Recently, several ratiometric thermometers based on lanthanoid metal-organic 
frameworks (MOFs) have been reported containing a mixture of lanthanoid ions, mainly EuIII 
and TbIII.8, 9, 13-24 However, the lack of sensitivity at cryogenic temperatures limits their 
application. Improving the sensing temperature range to below 50 K is of great value for both 
cryogenic research and industrial applications, e.g. energy and space exploration. The 
electronic probes currently used have well-known drawbacks due to contact measurements.25 
Herein, we report a new metal–organic framework LnHL (H4L = 5-hydroxy-1,2,4-
benzenetricarboxylic acid) containing high concentrations of LnIII ions within 1-D zig-zag 
chains. Notably, based on a mechanism combining both phonon-assisted energy migration 
and phonon-assisted energy transfer, Tb0.95Eu0.05HL can be used as a ratiometric thermometer 
even down to 4 K and has remarkable temperature sensitivity up to 31% K–1 at 4 K. It is the 
first time that phonon-assisted energy migration between Ln ions forms the basis of the 
mechanism of a cryogenic MOF thermometer. 
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2.2 Experimental 
2.2.1 Materials and methods 
Solvent and reagents were commercially available and used without further purification. 
NMR spectra were recorded on a Bruker DPX-300 spectrometer. Elemental analysis for C 
and H was performed on a Perkin-Elmer 2400 series II analyser. Mass spectrometry was 
measured using a Finnigan Aqua mass spectrometer (MS) with electrospray ionization (ESI). 
IR spectra were carried out on a Perkin-Elmer Paragon 1000 FTIR spectrophotometer 
equipped with a Golden Gate ATR device. The excitation and emission spectra were 
measured on a Shimadzu RF-5301PC spectrofluoriphotometer. X-ray powder diffraction 
patterns were obtained on a Philips PW 1050 diffractometer using Cu Kα radiation (λ = 1.542 
Å). Inductively coupled plasma (ICP) emission spectroscopy was performed on a VISTA-
MPX Simultaneous TCP-OES with Varian SPS 3 sample preparation system. 
Thermogravimetric analyses (TGA) spectra were recorded on a NETZSCH STA 499 
instrument under argon atmosphere with heating rate of 3 K per minute. Luminescence 
lifetime was determined using an Edinburg Instruments FLS920 spectrophotometer, with an 
OPOTEK Opolette 355 HR pulsed laser as the excitation source. Temperature-dependent 
emission spectra were recorded using an Oxford Instruments liquid helium flow cryostat for 
the temperature range from 4.2 to 290 K, Hamamatsu R928 PMT is used as a detector. 
Photoluminescence quantum yields at room temperature were determined using the absolute 
method.26 An integrating sphere (Avantes AvaSphere 30REFL) was connected to an 
irradiance-calibrated CCD spectrometer (Avantes AvaSpec-2048UA). A 1000 W Xenon lamp 
(LOT) and a Spex monochromator were used as the excitation source.  
2.2.2 Synthesis of 5-hydroxy-1,2,4-benzenetricarboxylic acid (H4L) 
The ligand was synthesized using a procedure that was slightly modified from literature.27, 28  
2,4,5-Trimethylbenzenesulfonic acid (1).  
While stirring, concentrated sulfuric acid (40 ml, 736 mmol) was added to 1,2,4-
trimethylbenzene (20 ml, 146 mmol). After stirring for 30 min, 60 g ice was added, resulting 
in the immediate formation of white solid. The product was collected by filtration, and 
recrystallized from 200 ml 20% hydrochloric acid to give a light blue crystalline solid. Yield: 
21.5 g (74%). 1H NMR (300 MHz, D2O): δ = 7.58 (s, 1H), 7.11 (s, 1H), 2.47 (s, 3H), 2.21 
ppm (s, 6H). 13C NMR (75 MHz, D2O): δ = 140.2, 137.6, 133.9, 133.2, 132.8, 132.7, 127.3, 
18.7, 18.2, 18.0 ppm. IR (v): 2976 (br), 1691 (br), 1148 (s), 1048 (s), 973 (s), 655(m), 559 
(m), 491 (m) cm–1. Mp: 109 °C. ESI-MS found (calc): 199.1 (199.1) [M-H]–. 
5-Sulfo-benzene-1,2,4-tricarboxylic acid (2). 
 Solid potassium permanganate (47 g, 159 mmol) was added slowly to a stirred solution of 1 
(10 g, 50 mmol) and NaOH (4 g, 100 mmol) in 250 ml H2O at 90 °C. The solution was 
refluxed for 1 day. Then ethanol (10 ml) was added carefully to discolour the reaction 
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solution. Solid MnO2 was removed by filtration and was washed with hot water (2×100 ml). 
The filtrate was evaporated in vacuo. The residue was taken up in 40 ml H2O, and 
concentrated hydrochloric acid was added to pH 1, resulting in the formation of white solid. 
After stirring for an additional 20 min, the white solid was collected by filtration and dried in 
vacuo. Yield: 11.9 g (82%). 1H NMR (300 MHz, D2O): δ = 8.14 (s, 1H), 7.73 ppm (s, 1H). 
13C NMR (75 MHz, D2O): δ = 172.2, 171.9, 171.1, 141.0, 136.5, 135.7, 133.8, 127.9, 127.7 
ppm. IR (v): 3473 (br), 1710 (w), 1450 (m), 1383 (m), 1277 (m), 1241 (m), 1204 (vs), 1039 
(vs), 767 (s), 634 (s), 589 (s) cm–1. ESI-MS found (calc): 289.0 (290.0) [M-H]–, 144.1 (144.0) 
[½(M-2H)]–. 
5-Hydroxy-1,2,4-benzenetricarboxylic acid (H4L).  
Compound 2 (11 g, 38 mmol) and KOH (39 g, 695 mmol) were mixed together with 7 ml 
water in a 50 ml teflon vessel. The vessel without cap was put in an oven set at 200 °C for 7 h. 
Then the mixture was added to 200 ml water and concentrated hydrochloric acid was added to 
pH 1. The reaction mixture was heated to boiling for 30 minutes, and then put in the 
refrigerator. The white solid formed was collected by filtration and dried in vacuo. Yield: 6.7 
g (78%). 1H NMR (300 MHz, D2O): δ = 8.43 (s, 1H), 7.05 ppm (s, 1H). 
13C NMR (75 MHz, 
CD3OD): δ = 171.0, 170.3, 167.2, 164.4, 142.1, 133.0, 120.2, 116.5, 113.4 ppm. IR (v): 3384 
(br), 1694 (s), 1579 (m), 1327 (m), 1220 (s), 1137 (m), 859 (m), 757 (s), 635 (s) cm–1. Mp: 
237 °C. ESI-MS found (calc): 225.0 (225.0) [M-H]–, 451.0 (451.0) [2M-H]–. 
2.2.3 Hydrothermal synthesis of the lanthanoid compounds 
A mixture of H4L (67.84 mg, 0.3 mmol), LnCl3·6H2O (0.1 mmol, Ln = Tb, Eu), 5 ml water 
and 5 ml ethanol were brought into a 25ml teflon lined stainless steel vessel; the vessel was 
closed and a number of reaction vessels together were placed in a big pan containing 15 kg 
sand. The reaction vessels were heated for 1 day in an oven set at 120 °C. The oven was 
slowly cooled down to room temperature at a rate of 2.5 °C/h. Colourless crystals were 
collected on a glass frit and washed with water and ethanol. Yield: 12 mg (23%) for TbHL 
and 13 mg (25%) for EuHL based on LnCl3·6H2O. 
TbHL analysed as {[Tb2(HL)2(H2O)3]·5.5H2O}n. Elemental analysis found (calc) for 
C18H23O22.5Tb2: C, 23.54 (23.57); H, 2.61 (2.53). Selected IR data (v): 3175 (br), 1546 (s), 
1387 (vs), 1264 (s), 884 (m), 805 (m), 656 (s), 566 (s), 475 (m) cm–1. 
EuHL analysed as {[Eu2(HL)2(H2O)3]·5.5H2O}n. Elemental analysis found (calc) for 
C18H23Eu2O22.5: C, 23.73 (23.93); H, 2.45 (2.57). Selected IR data (v): 3180 (br), 1544 (s), 
1387 (vs), 1263 (s), 881 (m), 803 (m), 656 (s), 564 (s), 471 (m) cm–1. 
The synthesis of mixed lanthanoid compounds was carried out following the procedure 
described above, but mixtures of TbCl3·6H2O, EuCl3·6H2O and GdCl3·6H2O were used 
instead of pure Ln salts. Yields: 13 mg (28%) for Gd0.95Tb0.05HL; 12 mg (26%) for 
Gd0.95Eu0.05HL; 12 mg (26%) for Tb0.95Eu0.05HL; 12 mg (26%) for Tb0.8Eu0.2HL; 10 mg 
(22%) for Tb0.6Eu0.4HL; 11 mg (24%) for Tb0.4Eu0.6HL; 12 mg (27%) for Tb0.2Eu0.8HL based 
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on Ln salts. Inductively coupled plasma atomic emission spectroscopy (ICP-AES) analysis for 
Tb, Eu and Gd (Table 2.1), and elemental analysis for C and H were used to determine the 
chemical composition of the compounds. 
Table 2.1. The chemical composition of Gd0.95Tb0.05HL, Gd0.95Eu0.05HL, Gd0.9Eu0.05Tb0.05HL and 
TbxEu1-xHL (x = 0.95, 0.8, 0.6, 0.4, 0.2) determined by ICP-AES 
Sample Theoretical molar ratio of  
Tb / Eu / Gd 
Measured molar ratio of  
Tb / Eu / Gd 
Tb0.95Eu0.05HL 0.95 / 0.05 / 0 0.94 / 0.06 / 0 
Tb0.8Eu0.2HL 0.8 / 0.2 / 0 0.77 / 0.23 / 0 
Tb0.6Eu0.4HL 0.6 / 0.4 / 0 0.55 / 0.45 / 0 
Tb0.4Eu0.6HL 0.4 / 0.6 / 0 0.36 / 0.64 / 0 
Tb0.2Eu0.8HL 0.2 / 0.8 / 0 0.17 / 0.83 / 0 
Gd0.95Tb0.05HL 0.05 / 0 / 0.95 0.06 / 0 / 0.94 
Gd0.95Eu0.05HL 0 / 0.05 / 0.95 0 / 0.09 / 0.91 
Gd0.9Tb0.05Eu0.05HL 0.05 / 0.05 / 0.9 0.06 / 0.04 / 0.9 
 
Gd0.95Tb0.05HL analyzed as {[Tb0.11Gd1.88(HL)2(H2O)3]·5H2O}n. Elemental analysis found 
(calc) for C18H22Gd1.88O22Tb0.11: C, 23.85 (23.93); H, 2.18 (2.45). Selected IR data (v, cm
–1): 
3185 (br), 1547 (s), 1390 (vs), 1265 (s), 883 (m), 805 (m), 656 (s), 566 (s), 475 (m). 
Gd0.9Eu0.05Tb0.05HL analysed as {[Gd1.8Eu0.08Tb0.12(HL)2(H2O)3]·5H2O}n. Elemental analysis 
found (calc) for C18H22Eu0.08Gd1.8O22Tb0.12: C, 23.96 (23.88); H, 2.18 (2.45). Selected IR data 
(v): 3185 (br), 1548 (s), 1391 (vs), 1265 (s), 884 (m), 803 (m), 657 (s), 566 (s), 475 (m) cm–1. 
Gd0.95Eu0.05HL analysed as {[Eu0.18Gd1.82(HL)2(H2O)3]·5H2O}n. Elemental analysis found 
(calc) for C18H22Eu0.18Gd1.82O22: C, 23.73 (23.92); H, 2.27 (2.45). Selected IR data (v, cm
–1): 
3185 (br), 1547 (s), 1390 (vs), 1263 (s), 883 (m), 803 (m), 657 (s), 566 (s), 478 (m). 
Tb0.95Eu0.05HL analysed as {[Tb1.87Eu0.13(HL)2(H2O)3]·5.5H2O}n. Elemental analysis found 
(calc) for C18H23Eu0.13O22.5Tb1.87: C, 23.58 (23.59); H, 2.34 (2.53). Selected IR data (v, cm
–1): 
3187 (br), 1548 (s), 1391 (vs), 1262 (s), 885 (m), 805 (m), 657 (s), 567 (s), 475 (m). 
Tb0.8Eu0.2HL analysed as {[Tb1.55Eu0.45(HL)2(H2O)3]·5H2O}n. Elemental analysis found (calc) 
for C18H22Eu0.45O22Tb1.55: C, 23.83 (23.89); H, 2.25 (2.45). Selected IR data (v, cm
–1): 3183 
(br), 1546 (s), 1388 (vs), 1264 (s), 884 (m), 804 (m), 657 (s), 565 (s), 479 (m). 
Tb0.6Eu0.4HL analysed as {[Tb1.09Eu0.91(HL)2(H2O)3]·5.5H2O}n. Elemental analysis found 
(calc) for C18H23Eu0.91O22.5Tb1.09: C, 23.93 (23.73); H, 2.36 (2.55). Selected IR data (v, cm
–1): 
3173 (br), 1545 (s), 1388 (vs), 1264 (s), 883 (m), 804 (m), 656 (s), 565 (s), 474 (m). 
Tb0.4Eu0.6HL analysed as {[Tb0.72Eu1.28(HL)2(H2O)3]·5.5H2O}n. Elemental analysis found 
(calc) for C18H23Eu1.28O22.5Tb0.72: C, 23.96 (23.80); H, 2.39 (2.55). Selected IR data (v, cm
–1): 
3167 (br), 1545 (s), 1388 (vs), 1264 (s), 882 (m), 804 (m), 656 (s), 564 (s), 474 (m). 
Tb0.2Eu0.8HL analysed as {[Tb0.35Eu1.65(HL)2(H2O)3]·5.5H2O}n. Elemental analysis found 
(calc) for C18H22Eu1.65O22Tb0.35: C, 24.14 (24.11); H, 2.42 (2.47). Selected IR data (v, cm
–1): 
3183 (br), 1545 (s), 1387 (vs), 1264 (s), 882 (m), 804 (m), 656 (s), 564 (s), 474 (m). 
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2.2.4 Single crystal structure determination 
X-ray quality single crystals of TbHL and EuHL were isolated from the procedure described 
above. The crystals were mounted to a glass fibre using the oil-drop method.29 The data were 
collected at 173 K on a Nonius Kappa CCD diffractometer (Mo-Kα radiation, λ = 0.71073 Å). 
The intensity data were corrected for Lorentz and polarization effects, and for absorption. The 
programs COLLECT,30 SHELXS-97,31 SHELXL-9732 were used for data reduction, structure 
solution and structure refinement, respectively. The non-hydrogen atoms were refined 
anisotropically. The H atoms were determined at the difference map and refined isotropically 
riding with the heavy atom connected except water hydrogens where also the coordinates 
were refined. The unit cell contains 18 water molecules which have been treated as a diffuse 
contribution to the overall scattering without specific atom positions by 
SQUEEZE/PLATON.33 As a result, there is no electron density of the disordered water 
molecules in the voids. 
2.3 Results  
2.3.1 X-ray crystal structure determination 
Colorless single crystals of TbHL and EuHL were obtained by reacting LnCl3·6H2O (Ln
III = 
EuIII, TbIII) and H4L under hydrothermal conditions.
34 In addition, mixed-lanthanoid samples 
were synthesized though the same procedure by varying the ratio of Ln salts. Powder XRD 
(Figure AII.1, AII.2) and IR spectra (Figure AII.3, AII.4) show that these compounds all are 
isostructural. The compounds TbHL and EuHL crystallize in the monoclinic space group 
C2/c; only the structure of TbHL is discussed below (Figure 2.1 and AII.6; crystallographic 
data are provided in Table AII.1, selected bond distances and angles are collected in Table 
AII.2). The asymmetric unit of TbHL comprises one TbIII ion, one triply deprotonated ligand 
HL3– and one and a half molecules of water. The nine-coordinated TbIII ion is in a geometry 
 
Figure 2.1. Crystal structure a) 1D Tb chain bridged by carboxylate groups and water; b) asymmetric 
unit; c) Projection of the structure of TbHL down the channels along the c axis. All hydrogen atoms 





Figure 2.2. Topological structure of TbHL: (dark gray) repeating units of SBU; (light gray) ligand HL. 
that is best described as a distorted triaugmented triangular prism by the coordination of seven 
O donors from five carboxylate groups and two O donors from water molecules. The Tb–O 
distances are in the range of 2.25 – 2.64 Å. Adjacent TbIII ions are connected by two bridging 
O atoms from carboxyl groups, forming the repeating unit [Tb2(COO)6(H2O)3]. These 
repeating units are bridged by a water molecule, creating the infinite 1D zig-zag chain 
[Tb2(COO)6(H2O)3]n as the secondary building unit (SBU) along the c axis. The adjacent Tb
III 
to TbIII distances are 4.212 and 4.532 Å. The SBU’s are connected to four adjacent SBU’s via 
the ligand HL3–, thus generating the 3D framework. A topological analysis of the framework 
was performed with the program TOPOS.35, 36 Each binuclear SBU unit is considered as a ten-
fold connected node. The ligand HL3– serves as a four-connected node and water acts as 
bridge (Figure 2.2). The structure can then be described as a 4, 10-connected net, named as 
sqc246. The point symbol for this topology is {32.42.52}2{3
8.416.58.613}. The framework of 
TbHL contains one-dimensional channels along the [0,0,1] direction. The void volume of 
these channels as calculated by PLATON33 is 830.4 Å3 corresponding to 30.3% of the unit 
cell volume. The channels are filled with approximately 18 disordered water molecules per 
unit cell.  
Thermo-gravimetric analyses (TGA) of TbHL and EuHL confirm the presence of the water 
molecules within the 1D channels (Figure 2.3). The guest water molecules in the channels are 
removed at 390 K. About 2/3 of the coordinated water molecules, corresponding to the 
terminal water molecules, is lost at ca. 430 K. The remaining 1/3 of the coordinated water 
molecules (the bridging water molecule) is lost at ca. 500 K. The framework starts to 
decompose at about 635 K. The total weight loss ascribed to water is 16.4%, in agreement 
with the 16.7% water content calculated from elemental analysis. EuHL shows similar 
thermal behaviour; the weight loss of 16.6% is in agreement with the 16.9% water content 




Figure 2.3. TGA curve of TbHL and EuHL under argon at a heating rate of 3 K/min. 
2.3.2 Photoluminescence 
Upon excitation at 325 nm TbHL displays the characteristic emission peaks of the TbIII ion 
(Figure 2.4a) whereas EuHL only shows very weak red luminescence emission (Figure 2.4b). 
The doped compound Gd0.95Eu0.05HL containing only 5% europium exhibits characteristic 
emission from the EuIII ion when excited at 325 nm (Figure AII.7), and the excitation 
spectrum shows a broad-band peak belonging to ligand-centred excitation. This result 
indicates that the significantly lower emission intensity of pure EuHL must be due to 
concentration quenching.37, 38 The triplet energy level of the ligand is estimated to be 26.6103 
cm–1 from the shortest-wavelength phosphorescence band in the phosphorescence spectrum of 
GdHL recorded at 77 K (Figure AII.8).39-42 The energy difference between the triplet state of 
the ligand and the TbIII emitting level (5D4, 20.5103 cm–1) is approximately 6100 cm–1. 
According to Latva’s rules, the energy of the triplet level of the ligand can thus be transferred 
to TbIII without significant energy back transfer.39 The mixed-lanthanoid compounds TbxEu1-
xHL (x = 0.95, 0.8, 0.6, 0.4, 0.2) exhibit the peaks of both Eu
III and TbIII ions when excited at 
325 nm (Figure 2.4c and Figure 2.5), but the emission intensity is quite low for the 
compounds with a europium content higher than 0.4. 
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Figure 2.4. Excitation and emission spectra of a)TbHL, b) EuHL and c)Tb0.95Eu0.05HL at room 
temperature 
 
Figure 2.5. Emission spectra of (a) Tb0.8Eu0.2HL and (b) Tb0.6Eu0.4HL at room temperature (λexc = 325 
nm).  
Luminescence lifetimes have been recorded for TbHL, Gd0.95Tb0.05HL, Gd0.95Eu0.05HL and 
TbxEu1-xHL (x = 0.95, 0.8, 0.6) (Figures AII.10 and AII.11); the emission of EuHL, 
Tb0.4Eu0.6HL, and Tb0.2Eu0.8HL is too weak for lifetime measurements. The terbium 
5D4 
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decay curves monitored at 544 nm of TbHL, Gd0.95Tb0.05HL and the europium 
5D0 decay 
curves monitored at 615 nm of Gd0.95Eu0.05HL and TbxEu1-xHL (x = 0.95, 0.8, 0.6) display 
mono-exponential behavior. The terbium 5D4 decay curves of TbxEu1-xHL (x = 0.95, 0.8, 0.6) 
monitored at 544 nm display non-exponential behavior, which are characterized by average 
lifetime as given in equation (1) (Table AII.5).43  
                                        eq. 1 
 
The decay curves of EuIII in TbxEu1-xHL (x = 0.95, 0.8, 0.6) exhibit a build up before decay, 
indicating the occurrence of TbIII to EuIII energy transfer (Figure AII.10). It is clear that the 
time of rising part decreases from Tb0.95Eu0.05HL to Tb0.6Eu0.4HL. The lifetime of Eu
III 
emission slightly decrease with increasing EuIII concentrations (Table AII.5). The energy-
transfer probability P from Tb
III to EuIII can be calculated by P = 1/τ – 1/τ0 and the energy-
transfer efficiency can be calculated with η = 1 – τ/τ0, where τ0 and τ are the lifetime of 
terbium emission in TbHL and the Eu-doped compounds, respectively. 
15, 44 As shown in 
Table AII.5, in TbxEu1-xHL (x = 0.95, 0.8, 0.6) the energy-transfer efficiency increases with 
increasing concentrations of EuIII. 
2.3.3 Temperature sensing properties 
The temperature dependence of the luminescence emission of Tb0.95Eu0.05HL has been 
explored (Figure 2.6). As the temperature increases from 5 – 290 K, the emission intensity of 
TbIII decreases while EuIII intensity increases. A plot of the emission intensity ratio of the 
5D0→
7F2 (Eu
III, 615 nm) and 5D4→
7F5 (Tb
III, 540 nm) transitions as a function of temperature 
is shown in Figure 2.7 (black squares). Interestingly, especially in the low temperature range 
from 4 – 50 K an increase of the temperature leads to rapid decrease of the TbIII emission 
intensity accompanied by a fast increase of EuIII emission intensity. These dramatic intensity 
changes allow for the use of our compound as a potential thermometer at cryogenic 
temperatures. 





III) transitions. The relationship between y and 
temperature T has been fitted by equation 2 in the temperature range of 4 – 290 K, with a 
correlation coefficient R2 of 0.996. 
1.966 0.895ln	 6.965 	 4 290           eq.2 
The relative sensitivity and temperature uncertainty are used to characterize the thermometer 
performance. The relative sensitivity (Sr) is defined as dy/ydT (shown in Figure 2.7). The 
results show that this novel ratiometric thermometer can be used in a wide temperature range, 
and is especially sensitive in the range of 4-50 K, having a high relative sensitivity up to 31% 
K–1 at 4 K. A clear comparison of this work and other MOFs thermometers published can be 
found in Table AII.4 and Figure AII.12. The accuracy of this compound is excellent, as 
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Figure 2.6. a) Emission spectra of Tb0.95Eu0.05HL in the solid state in the temperature range of 4-290 
K (ex = 325 nm). b) Temperature dependent luminescence intensity of 5D0→7F2 (EuIII at 615 nm) and 
5D4→
7F5 (Tb
III at 540 nm) transition in Tb0.95Eu0.05HL (ex = 325 nm). 
judged from the correlation coefficient R2 of the fitting curve.20, 45 The precision of such a 
thermometer is based on the materials and the setup. The temperature uncertainty is estimated 
by the equation δT = (1/Sr)(δy/y), in which δy/y is the relative uncertainty of thermometer 
parameter determination, Sr is the relative sensitivity; in our case δy/y is about 0.5%, a typical 
value for portable detectors.23, 46, 47 The temperature uncertainty is shown in Figure AII.13, 
with a value of 0.02 K at 4 K, and 1.31 K at 100 K in the cryogenic range.  
 
Figure 2.7. The emission intensity ratio of the 5D0→
7F2 (Eu
III, 615 nm) and 5D4→
7F5 (Tb
III, 540 nm) 
transitions for Tb0.95Eu0.05HL as a function of temperature (black squares, right axis) with the fitting 
curve (black line; R2 = 0.996) and the relative sensitivity curve (open triangles, left axis). Inset: 
enlarged relative sensitivity curve from 50 to 300 K. 
The stability of Tb0.95Eu0.05HL as a thermometer was tested by exposing the compound to 
repeated heating and cooling cycles first from 110 to 4 K for four times then from 290 K to 
110 K for four times (Figure 2.8). The response appeared to be fully reversible. Furthermore, 
the powder XRD pattern of Tb0.95Eu0.05HL after low temperature emission measurement is 
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similar to the one taken before low temperature measurement (Figure AII.2). The IR spectra 
of Tb0.95Eu0.05HL before and after the low temperature measurements are also highly similar 
(Figure AII.4). 
 
Figure 2.8. Temperature uncertainty of Tb0.95Eu0.05HL. The shadowed area indicates the cryogenic 
range. 
The dramatic luminescence colour change of Tb0.95Eu0.05HL in the temperature range of 4 – 
50 K thus makes it a promising colorimetric thermometer for in situ temperature 
measurements. The CIE (Commission International d’Elairage) chromaticity diagram 
coordinates have been calculated based on the corresponding emission spectra from 4 – 50 K. 
The luminescence colour of Tb0.95Eu0.05HL changes from green (X = 0.347, Y = 0.570) at 4 K 
to yellow/red (X = 0.507, Y = 0.453) at 50 K. This colour change can be clearly observed by 
the eyes. 
The emission intensities of the EuIII and TbIII centers in the doped compound 
Gd0.90Eu0.05Tb0.05HL containing 5% of Tb and 5% of Eu change only slightly in the whole 
temperature range; at lower temperatures the phosphorescence band of the ligand becomes 
more prominent. This indicates that the temperature-dependent emission of Tb0.95Eu0.05HL is 
related to the absolute EuIII and TbIII concentrations and their mutual interactions (Figure 2.9). 
The excitation spectra of Tb0.95Eu0.05HL (monitored at the emission of Eu
III at 615 nm) in the 
temperature range of 4 – 290 K apart from a broad band for ligand-centered excitation all 
show the direct excitation of TbIII (Figure AII.14). The initial rise in all the decay curves of 
the 5D0→
7F2 transition (Eu
III at 615 nm) in Tb0.95Eu0.05HL (Figure 2.10a) indicates that energy 
transfer of TbIII to EuIII occurs in the whole temperature range. The lifetime of the TbIII 
emission in Tb0.95Eu0.05HL decreases dramatically from 4 K to 50 K and the decay curve 
changes from mono-exponential to non-exponential (Figure 2.10b). The lifetime of the EuIII 
emission in Tb0.95Eu0.05HL decreases only slightly (Figure AII.15). These results indicate that 
the probability of energy transfer from TbIII to EuIII centers changes dramatically as the 
temperature increases. The lifetime of TbIII emission in the diluted TbIII sample 
Gd0.95Tb0.05HL at room temperature is 0.824 ms, a value that is very close to the Tb
III lifetime 
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of TbHL at 4 K (0.865 ms; Tables AII.3 and AII.5). At temperatures higher than 30 K the 
TbIII lifetimes in TbHL are below 0.754 ms. Thus it appears that energy migration in TbHL 
between TbIII centers occurs more efficiently when temperature is higher than 4 K. At 4 K, the 
lifetime of TbIII emission in Tb0.95Eu0.05HL (0.858 ms) is very close to that in pure TbHL 
(0.865 ms). However, at 30 K the lifetime of TbIII emission in Tb0.95Eu0.05HL becomes 0.383 
ms, about half of that found for the pure TbHL at 30 K (0.754 ms). Due to the larger energy 
gap between TbIII and EuIII the phonon-assisted energy transfer from TbIII to EuIII needs larger 
phonon energy than the phonon-assisted energy migration between TbIII centers. The abrupt 
change in the lifetime of TbIII emission in Tb0.95Eu0.05HL indicates the occurrence of phonon 
assisted energy migration between TbIII ions, ultimately resulting in TbIII to EuIII energy 
transfer. 
 
Figure 2.9. Emission spectra of Gd0.9Eu0.05Tb0.05HL in the solid state in the temperature range of 4-
290 K (ex = 325 nm). 
Based on the results and the similar performance reported for inorganic lanthanoid materials 
48-53, we propose that the dramatic changes in the emission intensities of EuIII and TbIII in 
Tb0.95Eu0.05HL in the temperature range 4 – 50 K are due to changes in the energy-migration 
efficiency between TbIII ions. Due to small variations in the energy levels of the TbIII center 
caused by subtle differences in the local surroundings, energy migration between 
neighbouring TbIII ions is hampered at cryogenic temperatures. Low-energy phonons are 
needed to make up the small energy mismatch between neighbouring TbIII ions. When the 
temperature increases from 4 to 50 K, the energy in the excited state of TbIII has more 
opportunity to migrate to a TbIII ion neighbouring a EuIII centre, which is followed by 
subsequent energy transfer to EuIII. This proposed mechanism indicates that the presence of 
Ln chains and the short Ln-Ln distances in the structure play an important role in the sensing 
process at cryogenic temperatures. The slow increase of the EuIII emission intensity and the 
further decrease of the TbIII emission intensity in the range of 50 – 290 K can be explained by 
phonon-assisted energy transfer from TbIII to EuIII ions, which is temperature sensitive.54  
The energy-transfer probability P and the energy transfer efficiency from TbIII to EuIII in 
Tb0.95Eu0.05HL was calculated. As shown in Table AII.5, the energy-transfer probability and 
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efficiency increase dramatically in the range of 4 – 50 K, and then change slightly in the range 
of 50 – 290 K. 
  
Figure 2.10. The luminescence decay curves of (a) the 5D0→
7F2 (Eu
III at 615 nm) transition and (b) 
the 5D4→
7F5 (Tb
III at 540 nm) transition in Tb0.95Eu0.05HL recorded at different temperatures (ex = 
355 nm). 
2.4 Conclusion 
In summary, we have synthesized a metal-organic framework that can be used as a 
thermometer in cryogenic temperatures, of which the working mechanism relies on both 
phonon-assisted energy migration and phonon-assisted energy transfer mechanisms. The 
compound Tb0.95Eu0.05HL shows a quantum yield of 22% (excited at 325 nm) at room 
temperature and can be used as an excellent temperature sensor in the wide temperature range 
of 4 – 290 K, with especially good sensitivity in the range of 4 – 50 K, with a relative 
sensitivity up to 31% K–1 at 4 K. 
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 Chapter 3 
Ratiometric thermometer based on a lanthanoid coordination polymer 
 
The new luminescent lanthanum-based coordination polymer LaHL, ({[La(HL)(H2O)2]·H2O}n, 
H4L = 5-hydroxy-1,2,4-benzenetricarboxylic acid) has been synthesized via hydrothermal 
methods. By addition of 5% of a TbIII or EuIII salt in the reaction mixture, the doped 
compounds La0.95Tb0.05HL and La0.95Eu0.05HL were obtained, having the same structure as 
LaHL. The compound La0.95Tb0.05HL can be used as a ratiometric thermometer in the 
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Coordination polymers are fascinating organic-inorganic hybrid materials and have attracted 
much attention in recent years in preparation, characterization and applications, such as gas 
storage and separation, catalysis, ions and small molecules sensing, energy storage and 
conversion.1-5 Lanthanoid coordination polymers are considered to be promising materials due 
to their unique luminescent properties arising from the partially filled f-orbitals, such as long 
lifetime, sharp line emissions, and potentially high quantum yields.6 By rational choice of the 
light-emitting lanthanoid center (Ln ion or Ln cluster), and linker ligand, these materials can 
exhibit a wide variety of color emissions, which are of great importance for instance as 
phosphors in LEDs.  
Temperature is one of the most important properties in both science and industry.7, 8 The 
development of new temperature-sensing materials is of great importance. Optical 
thermometers offer the advantage of fast response, non-invasive measurements, high 
sensitivity and inertness to strong electric or magnetic fields, and thus can be very useful in 
temperature measurements of biological fluids, or in research involving strong 
electromagnetic fields.9‐11 Lanthanoid-based materials have been reported based on EuIII/TbIII 
β-diketonates, ErIII/YbIII or TmIII/YbIII nanoparticles, and EuIII/TbIII coordination polymers that 
can be used as ratiometric thermometer.11-15 The advantage of such lanthanoid-based 
ratiometric thermometers is that the temperature can be calculated directly from the intensity 
ratio of two individual emission peaks for which no additional calibrations are necessary. 
Recently we reported a ratiometric thermometer based on the europium-doped terbium 
compound of the ligand 5-hydroxy-1,2,4-benzenetricarboxylic acid, which appeared to be 
highly sensitive in the cryogenic temperature range of 0 – 50 K.16 We further extended our 
investigations on the temperature-dependent properties of such lanthanoid coordination 
polymers; herein we report a ratiometric thermometer based on an LaIII/TbIII coordination 
polymer. The temperature sensing is based on the intensity ratio of the temperature-sensitive 
ligand-centered emission and the TbIII emission that is less sensitive to changes in temperature.  
3.2 Experimental section 
3.2.1 General 
Solvents and reagents were commercially available and used without further purification. 
Elemental analysis for C and H was carried out on an Elementar vario EL, at the Karlsruhe 
Institute of Technology. IR spectra were recorded on a Perkin Elmer UATR Two FT-IR 
spectrometer set to a resolution of 4 cm–1. The excitation and emission spectra were measured 
on a Shimadzu RF-5301PC spectrofluoriphotometer. X-ray powder diffraction patterns were 
recorded on a Philips PW 1050 diffractometer using Cu Kα radiation (λ = 1.542 Ǻ). 
Inductively coupled plasma (ICP) optical emission spectroscopy was obtained on a VISTA-
MPX Simultaneous ICP-OES with Varian SPS3 sample preparation system. 
Thermogravimetric analyses (TGA) were performed on a NETZSCH STA 499 instrument 
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under argon atmosphere with heating rate of 3 oC per minute. The lanthanoid emission 
lifetime measurements were performed using a Tektronix DPO4054 digital oscilloscope. A 
nanosecond (~3 ns) Nd:YAG laser equipped with EKSPLA NTB342B-SH-SFG, which 
enables spectral tuning range from 225 to 2500 nm, was employed as the excitation source. 
The collected luminescence was dispersed in a Carl Zeiss M20 grating monochromator and 
amplified by a Hamamatsu R928P photomultiplier. The time resolution of the setup was ~10 
ns. The fluorescence lifetime was recorded by using the time-correlated single photon 
counting (TCSPC) method.17 The excitation UV light was produced by frequency doubling of 
the output of a tunable Ti:sapphire laser (Chameleon Ultra, Coherent). The repetition rate is 
decreased from 80 MHz to a lower value (8 MHz) by using a pulse picker (PulseSelect, APE). 
The fluorescence emission was collected with a Hamamatsu R3809U-50 photomultiplier tube 
through a monochromator (Newport Cornerstone 260). The overall instrument response was 
found to be 20 – 25 ps (fwhm) measured from a dilute scattering solution (Ludox). The ligand 
5-hydroxy-1,2,4-benzenetricarboxylic acid (H4L) was synthesized following literature 
procedures.16, 18, 19 
3.2.2 Hydrothermal synthesis of the lanthanoid compounds 
Synthesis of {[La(HL)(H2O)2]·H2O}n (LaHL) 
A mixture of H4L (67.8 mg, 0.3 mmol), LaCl3·7H2O (35.3 mg, 0.1 mmol), 5 ml water and 5 
ml ethanol were mixed together and stirred at room temperature for 25 min before being 
transferred into a 25 ml teflon-lined stainless steel autoclave. The autoclave vessel was buried 
in a pan containing 15 kg sand, which was then heated in an oven at 130 °C for 7 days. After 
the reaction, the oven was slowly cooled down to room temperature at a rate of 10 °C/h. 
Colorless crystals were obtained, collected on a glass frit, washed with water and ethanol, and 
then dried in a vacuum oven. Yield: 14 mg (34%) based on LaCl3·7H2O. 
LaHL analyzed as {[La(HL)(H2O)2]·H2O}n. Elemental analysis found (calc) for C9H9LaO10: 
C, 25.90 (25.98); H, 2.05 (2.18). Selected IR data (v): 3204 (br), 1557 (vs), 1488 (vs), 1416 
(m), 1340 (vs), 1281 (s), 879 (m), 788 (m), 557 cm–1 (m). 
Synthesis of La0.95Eu0.05HL, La0.95Tb0.05HL.  
The synthesis of the doped lanthanoid compounds was performed following the procedure 
described above, except using mixtures of LaCl3·7H2O with either EuCl3·6H2O or 
TbCl3·6H2O instead of pure Ln salts.  
Yield: 12 mg (29%) for La0.95Eu0.05HL; 15 mg (36%) for La0.95Tb0.05HL based on Ln salts. 
The compounds were analyzed with ICP for La, Eu and Tb, as well as IR spectroscopy and 
powder XRD. 
La0.95Eu0.05HL analyzed as {[La0.92Eu0.08(HL)(H2O)2]·H2O}n. Selected IR data (v): 3240 (br), 
1560 (vs), 1485 (vs), 1413 (m), 1337 (vs), 1282 (s), 878 (m), 787 (m), 557 cm–1 (m). 
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La0.95Tb0.05HL analyzed as {[La0.96Tb0.04(HL)(H2O)2]·H2O}n. Selected IR data (v): 3240 (br), 
1560 (vs), 1489 (vs), 1416 (m), 1341 (vs), 1281 (s), 879 (m), 788 (m), 557 cm–1 (m). 
3.2.3 Single Crystal X-ray Crystallography 
All reflection intensities for LaHL were measured at 110(2) K using a SuperNova 
diffractometer (equipped with Atlas detector) with Mo Kα radiation (λ = 0.71073 Å) under 
the program CrysAlisPro (Version 1.171.36.32 Agilent Technologies, 2013). The same 
program was used to refine the cell dimensions and for data reduction. The structure was 
solved with the program SHELXS-2013 and was refined on F2 with SHELXL-2013.20 
Analytical numeric absorption correction based on a multifaceted crystal model was applied 
using CrysAlisPro. The temperature of the data collection was controlled using the system 
Cryojet (manufactured by Oxford Instruments). The H atoms were placed at calculated 
positions (unless otherwise specified) using the instructions AFIX 43 or AFIX 147 with 
isotropic displacement parameters having values 1.2 or 1.5 Ueq of the attached C or O atoms. 
The H atoms attached to the two coordinated water molecules (O1W and O2W) and the lattice 
water molecule (O3W) were found from difference Fourier maps, and their coordinates were 
refined freely. The structure is mostly ordered; the coordinated water molecule O2W was 
found to be disordered over two orientations, and the occupancy factor of the major 
component of the disorder refines to 0.518(5). CCDC-1409794 contains the supplementary 
crystallographic data for this chapter. These data can be obtained free of charge from The 
Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_request/cif. 
3.3 Results and discussion 
3.3.1 Crystal structure. 
The crystal structure of LaHL has been experimentally determined; the crystallographic data 
are provided in the supporting information (Table AIII.1). Projections of the structure of 
LaHL are shown in Figure AIII.1; selected bond lengths and angles of LaHL are provided in 
Table AIII.2. The asymmetric unit of LaHL contains one LaIII ion, one triply deprotonated 
ligand HL3–, two water molecules coordinated to the LaIII ion and one non-coordinated 
molecule of water (Figure 3.1). The LaIII ion is nine coordinated by seven O donor atoms 
from six carboxylate groups and two O donor atoms from water molecules. The coordination 
geometry of the LaIII ion is best described as a distorted triaugmented triangular prism. 
Adjacent LaIII ions are bridged by two O atoms from carboxylate groups, thus forming the 
edge-sharing binuclear unit [La2(COO)8(H2O)4] as the secondary building unit (SBU). The 
SBU’s are connected by the benzene ring of the ligand generating a 2D infinite layer structure. 
One of the coordinated water molecules (O2W) was found to be disordered over two 
orientations, with the occupancy factor of the major component of the disorder refining to 
0.518(5). Strong hydrogen bonds between adjacent layers result in the formation of the final 
3D structure of the compound. The topology of the structure has been analyzed with the free 
software TOPOS.21-23 Each binuclear unit can be considered as a six-connected node while 
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the ligand HL3– forms a three-connected node (figure AIII.2). The structure thus forms a 3,6-
connected layer with the kgd [Shubnikov plane net (3.6.3.6)/dual] topology, the point symbol 
of this topology is {43}2{4
6•66•83}. A number of structures with the same topology has been 
reported; an overview of these structures is provided in Table AIII.3. Most of these structures 
are based on multinuclear SBUs (except for entries 6 and 7) and generally the ligands contain 
aromatic carboxylate or sulfonate donors.  
 
 
Figure 3.1. Projections of the crystal structure of LaHL: a) asymmetric unit; b) single layer of LaHL 
built up from the dinuclear SBU and ligand; c) Projection of the structure of LaHL along the b axis. 
Blue = lanthanum, red = oxygen, grey = carbon, silver = hydrogen, pink polygon = SBU. 
3.3.2 Powder XRD and IR 
We earlier reported the compounds TbHL and EuHL, which were synthesized using the same 
ligand H4L under the same hydrothermal conditions.
16 The new compound LaHL crystallizes 
in a different structure, which is most likely due to the different ionic radii of LaIII, TbIII and 
EuIII.24, 25 Interestingly, upon doping the compound LaHL with small concentrations of 
terbium or europium (5% TbCl3•6H2O or EuCl3•6H2O), single crystals are formed having the 
same structure as the parent compound LaHL. Powder X-ray diffraction (PXRD) has been 
used to confirm the phase purity of the compounds and to support that LaHL and the doped 
samples are indeed isostructural. The PXRD pattern of LaHL, La0.95Tb0.05HL and 
La0.95Eu0.05HL are highly similar and comparable to the simulated pattern from the single 
crystal structure of LaHL (Figure AIII.3). The IR spectra of all samples are also highly similar, 
further confirming that these compounds are isostructural (Figure AIII.5). Only at higher 
concentrations of Eu or Tb (>30%) mixtures of different phases are obtained, as indicated by 
PXRD and IR measurements.  
3.3.3 Differential scanning calorimetry (DSC) and thermogravimetric analysis (TGA). 
In order to investigate the thermal stability of our compounds DSC/TGA was performed 
under argon at a heating rate of 3 K/min in the temperature range of 300 – 1070 K (Figure 
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AIII.6). It appears that LaHL starts to lose the non-coordinated molecule of water at 300 K, 
whereas the coordinated water molecule is lost above 370 K with an endothermic peak in the 
DSC curve. The compound starts to decompose at 620 K with a significant exothermic peak 
in the DSC curve, possibly with loss of CO2 of the carboxylate groups, and further 
decomposes at 900 K. The weight loss due to the non-coordinated water is about 4% of the 
total weight, and the weight loss due to the coordinated water is about 9.5% of the total 
weight, which is in accordance with the crystal structure and elemental analysis (4.3% and 
8.6%). The slight apparent increase in weight in the temperature range 500 – 600 K and 1000 
– 1070 K is due to instability of the balance, as there is no thermal effect associated with this 
small increase. The doped compounds La0.95Tb0.05HL and La0.95Eu0.05HL show nearly 
identical thermal behavior (Figure AIII.7 and AIII.8). 
3.3.4 Luminescent properties. 
The solid-state luminescent properties of all samples have been investigated. When the 
compound LaHL is excited with light at 355 nm, a strong and broad emission band appears in 
the range of 360 – 550 nm as a result of ligand-centered phosphorescence (Figure AIII.9). The 
emission spectrum of the terbium-doped compound La0.95Tb0.05HL upon excitation with 325 
nm light reveals the characteristic emission bands of the TbIII ion (5D4→
7FJ,  J = 6-3) as well 
as the ligand-centered phosphorescence (Figure AIII.10).  
In contrast, the europium-doped compound La0.95Eu0.05HL excited with 355 nm light only 
reveals the ligand-centered emission (Figure AIII.11). As the concentration of EuIII in 
La0.95Eu0.05HL is rather low, the absence of Eu
III emission cannot be ascribed to concentration 
quenching. The most likely reasons for the absence of EuIII emission are a potential energy 
mismatch of the triplet energy level of the ligand with the emitting level of EuIII, the 
occurrence of quenching via a high-energy vibration of the coordinated water molecules, or 
quenching via a low-lying ligand-to-metal charge transfer state.26-28 At 77 K the emission 
spectrum of La0.95Eu0.05HL does show the presence of low intensity emission bands arising 
from the EuIII ion at 595 nm, 614 nm, and 695 nm, ascribed to the 5D0→
7FJ emissions (J = 1, 
2, 4; Figure AIII.12). As charge-transfer quenching and high energy vibration quenching are 
both temperature dependent, one or both of these mechanisms may be the reason for the lack 
of EuIII emission from La0.95Eu0.05HL at room temperature. In order to gain further 
information on the quenching mechanism the Eu-doped compound was prepared in D2O. The 
emission spectra of La0.95Eu0.05DL•D2O were recorded at room temperature and 77 K (Figure 
AIII.13 and AIII.14), revealing that now the Eu emission peaks are present with higher 
intensity in both spectra, suggesting that the absence of EuIII emission in La0.95Eu0.05HL 
indeed is at least partly due to high energy vibration quenching from the coordinating water 
molecules.  
The decay curve of TbIII emission at 540 nm in La0.95Tb0.05HL shows mono-exponential 
behavior indicating a uniform coordination environment of TbIII in La0.95Tb0.05HL (Figure 
AIII.15). The lifetime of terbium emission as calculated from the decay curve is 0.67 ms. The 
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Eu emission in La0.95Eu0.05HL is too weak for accurate determination of the lifetime. The 
decay curve of LaHL (monitored at 425 nm, ligand-centered emission) shows bi-exponential 
behavior with τ1 of 1.73 ns and τ2 of 8.60 ns (Figure AIII.16). 
 
Figure 3.2. a) Emission spectra of La0.95Tb0.05HL in the solid state in the temperature range of 90–280 
K (ex = 325 nm). b) The integrated luminescence intensity of the TbIII 5D4→7F5 emission (light gray, 
from 535 – 565 nm) and ligand phosphorescence (dark gray, from 380 nm – 535 nm) in La0.95Tb0.05HL 
as a function of temperature (ex = 325 nm). 
In order to investigate the potential use of La0.95Tb0.05HL as a luminescent ratiometric 
thermometer, the temperature-dependent emission spectra of La0.95Tb0.05HL were recorded. 
As shown in Figure 3.2, upon going from 90 to 280 K the emission intensity of the broad 
phosphorescence band from the ligand decreases while the emission intensity of the TbIII ion 
is more or less constant. The intensity ratio y = I450 nm/I544 nm (I450 nm is the integrated intensity 
of phosphorescence from 380 – 535 nm; I544 nm is the integrated intensity of terbium 
luminescence from 535 – 565 nm) is used as a temperature parameter. This ratio appears to be 
linearly related to temperature by the equation  
y = 12.802 – 0.027T (90 K < T < 280 K) 
The absolute sensitivity (Sa) of a ratiometric thermometer is defined as dy/dT whereas the 
relative sensitivity (Sr) is defined as dy/ydT. The compound La0.95Tb0.05HL can be used as a 
thermometer with an absolute sensitivity of 2.7% K–1 and a relative sensitivity up to 0.53% K–
1 at 280 K (Figure 3.3). A comparison of the relative sensitivities of the thermometer reported 
in this work with those from the literature is provided in Figure AIII.18. Although the 
sensitivity of our thermometer is not impressive, the excellent linear relationship makes it 
very easy to use in the temperature range of 90 – 280 K. 
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Figure 3.3.The intensity ratio of the 5D4→
7F5 (Tb
III, 544 nm) emission and ligand phosphorescence 
(450 nm) for La0.95Tb0.05HL as a function of temperature (black squares, left axis) with the fitting curve 
(light gray; R2 = 0.997) and the relative sensitivity as a function of temperature (triangles, right axis). 
We also evaluated the accuracy and precision of our luminescent thermometer. The accuracy 
of the thermometer performance is based on the correlation coefficient of the fitting curve, 
which is R2 = 0.997. The precision of the calibration curve is based on the temperature 
uncertainty, which is defined as δT = (1/Sr)(δy/y). The error (δy) in the determination of the 
thermometer parameter is 0.075, thus the temperature uncertainty is ±2.7 K.29-31  
The stability of the thermometer has been tested by carrying out a number of temperature 
cycles. As shown in Figure AIII.19, the ratio of the emission intensities is quite stable and 
reversible from 90 to 280 K. The IR and PXRD spectra of La0.95Tb0.05HL after its use at low 
temperatures are highly similar to the ones taken before these low temperature measurements, 
further indicating that the material is stable for multiple uses (Figure AIII.3 and AIII.5). 
3.4 Conclusion 
A new ratiometric luminescent thermometer based on the lanthanum coordination polymer 
LaHL is reported. The terbium-doped compound La0.95Tb0.05HL was proven to share the same 
structure as LaHL by PXRD and IR. Due to the unique electron configuration of the LaIII ion 
the compound LaHL shows strong phosphorescent emission of the ligand, which is 
temperature sensitive. The Tb-doped compound La0.95Tb0.05HL is shown to be a good 
ratiometric thermometer showing a linear relationship between the intensity ratio of ligand 
phosphorescence and the TbIII ion emission in the temperature range of 90 – 280 K with an 
absolute sensitivity of 2.7% K–1 and a relative sensitivity up to 0.53% K–1. A number of 
examples have been reported of ratiometric luminescence thermometers that are based on the 
temperature-dependent phosphorescence of either the ligand or embedded dyes.12, 32, 33 
However, our material La0.95Tb0.05HL is the first example of a ratiometric thermometer using 
temperature-dependent phosphorescence that is based on a LaIII coordination polymer.  
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 Chapter 4 
One-step growth of lanthanoid metal-organic framework (MOF) films 
under solvothermal conditions for temperature sensing 
 
The first one-step direct solvothermal synthesis of Ln metal-organic frameworks (MOFs) films 
is reported. The LnHL (Ln = TbIII and GdIII) films that were deposited on a Gd2O3 substrate 
are continuous and smooth. The Gd0.9Tb0.1HL film can be used as a ratiometric thermometer, 
showing good linear behaviour in the temperature range of 110 – 250 K with a sensitivity up 
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Metal-organic frameworks (MOFs) are promising materials for many applications such as gas 
storage and separation, ion and small molecule sensing, catalysis and proton conduction.1-4 
Lanthanoid MOFs are especially interesting materials due to their unique luminescent 
properties like high quantum yields, characteristic sharp line emissions and long lifetime.5, 6 
Recently, the preparation and study of films of MOFs on supports gained increasing 
attention.7-11 Due to the brittleness and insolubility of MOF crystals, thin films of such 
materials are difficult to process with common surface deposition methods, limiting the 
application of MOF films.12 There are five major methods to fabricate MOF films: 1) 
deposition of MOF films directly onto bare substrates or functionalized substrates with 
organic molecules; 2) deposition of MOF films on seeded substrates; 3) deposition of 
preformed MOF nanocrystals; 4) layer-by-layer deposition of MOF films; 5) 
electrodeposition.13, 14 Gold, silicon wafers, graphene, glass, indium tin oxide (ITO), and 
porous aluminium oxide are mostly used as substrates for MOF films.13-20 
Until now, most of the research concerning MOF films focuses on transition metals like Zn, 
Cu, Mn and Fe. Only few lanthanoid MOFs films have been reported and most of these have 
been synthesized by post-functionalization strategies based on ‘parent’ zinc, copper or indium 
MOF films, or by spin coating or dip coating of Ln MOF nanocrystals.7, 21-30 Meyer et. al. 
reported the in situ growth of Sr/Eu MOFs on anodic aluminum oxide (AAO) membranes 
using a melt approach with Eu and Sr metals and imidazole. Alternatively, the growth process 
was carried out by an electride-induced reaction from liquid ammonia.31 
Temperature is one of the most important parameters both in scientific research and 
industry.32 In recent years, lanthanoid-based ratiometric luminescence thermometers have 
drawn great attention; the investigations in this field are mainly based on lanthanoid 
coordination compounds, or ErIII/YbIII nanoparticles. 33 As the number of combinations of 
organic ligands with lanthanoid ions is unlimited, the composition and properties of a 
luminescence thermometer based on Ln MOFs can be varied easily. By careful engineering of 
a film of such a luminescence thermometer onto a suitable substrate a novel device can be 
developed with which surface temperature distribution can be easily mapped via a non-
invasive method. 
It has been reported that Zn and Cu MOF films can grow on zinc or copper metal surfaces, 
and In MOF films can grow on glass containing an indium tin oxide (ITO) coating.15, 34-36 As 
most Ln MOFs are synthesized by hydrothermal or solvothermal methods, a method to 
deposit Ln MOF films using such hydro/solvothermal conditions would be highly valuable. 
To the best of our knowledge, such direct hydrothermal or solvothermal synthesis of Ln MOF 
films has not yet been reported, which may attributed mainly to the lack of a suitable 
substrate. Herein we report for the first time the use of an Ln oxide surface as substrate for the 
deposition of Ln MOF films by in situ solvothermal methods. Potentially, this method can be 
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used for the production of a wide range of Ln MOF films. The temperature sensing properties 
of these Ln MOF films is also reported.  
4.2 Experimental  
4.2.1 Materials and methods 
5-hydroxy-1,2,4-benzenetricarboxylic acid (H4L) and bulk crystals of TbHL and GdHL were 
made following previously reported procedures.37 Gd2O3 and TbCl3•6H2O, were purchased 
from Sigma Aldrich and were used without further purification. The excitation and emission 
spectra were measured on a Shimadzu RF-5301PC spectrofluoriphotometer. X-ray powder 
diffraction patterns were recorded with a Philips PW 1050 diffractometer using Cu Kα 
radiation (λ = 1.542 Å). The morphology of the pellet and the films were investigated using a 
FEI NOVA nano SEM 200 scanning electron microscopy. The Gd2O3 substrate was made by 
using a SPECAC Ltd. Speca press with 10 tons pressure. The pellets were sintered in a  GSL 
1700X tube furnace. 
4.2.2 Preparation of Gd2O3 pellet and LnHL film 
Gd2O3 substrates were made by putting about 40 mg Gd2O3 powder into the sample model of 
Speca press (diameter 13 mm) and pressing with 10 tons pressure for 10 min. Then, these 
substrates were transferred to the tube furnace and heat at 1500 oC for 15 h to make them 
mechanically stronger. 
LnHL films were prepared by in situ hydrothermal synthesis method. The hydrothermal 
solution was made by dissolving LnCl3•6H2O (0.05 mmol, Ln = Tb, Gd) and H4L (33.9 mg, 
0.15 mmol) in ethanol (5 ml) and water (5 ml) mixture. The Gd2O3 substrate was placed in a 
20 ml teflon-lined steel vessel. The vessel was put into an oven and kept at 130 oC for 15 h, 
then slowly cooled down to room temperature. The LnHL film on Gd2O3 substrate was 
washed with H2O and ethanol five times respectively. 
4.3 Results and discussion 
Pellets of Gd2O3 substrates (diameter 13 mm, thickness around 1.5 mm) were prepared by 
compressing the Gd2O3 powder under static 10 tons pressure for 10 min. These pellets were 
transferred to a tube furnace and sintered at 1500 °C for 15 h to increase their mechanical 
strength. We envisaged that surface Gd ions from the Gd2O3 substrate could act as nucleation 
sites for the growth of the MOF and thereby assist in the formation and improve the quality of 
the Ln MOF. The GdIII ion does not show any luminescent properties due to its f7 electron 
configuration, and thus does not interfere with the luminescent properties of the film. Films of 
the compounds TbHL, GdHL and Gd0.9Tb0.1HL (H4L = 5-hydroxy-1,2,4-
benzenetricarboxylic acid) on Gd2O3 substrates were obtained by the solvothermal method 
using the same conditions as for the preparation of the bulk crystals.37 The films were 
characterized with powder X-ray diffraction (PXRD) and scanning electron microscopy  
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Figure 4.1. Simulated PXRD pattern calculated from the single crystal structure of TbHL (a) and the 
experimental PXRD patterns of films of TbHL (b), Gd0.9Tb0.1HL (c), Gd0.9Tb0.1HL after low 
temperature measurement (d), GdHL (e) and the Gd2O3 substrate (f).  
(SEM). The PXRD patterns of the films are highly similar to the simulated pattern from the 
single crystal X-ray structure of TbHL reported previously (Figure 4.1), indicating that indeed 
the MOF grown on the Gd2O3 surface has the same structure as the bulk material.
37 SEM was 
used to study the morphology of the Gd2O3 substrate and the TbHL film (Figure 4.2). The 
Gd2O3 substrate is a porous material. The TbHL film is packed tightly and smoothly onto the 
surface of the Gd2O3 substrate; the thickness of the TbHL film is approximately 10 μm. 
Similar to the growth mechanism of the In MOF film on ITO glass, the Cu MOF film on a 
copper grid and the zinc MOF film on activated metallic zinc, we assume that the Gd2O3 
substrate provides an Ln source to improve the homogeneous nucleation of the MOF at its 
surface.15, 34-36 Furthermore, the porous structure may provide better adhesion between the 
MOF and the substrate. However, the presence of a porous structure by itself is not enough 
for the formation of a MOF film, as using a porous Al2O3 pellet as the substrate did not yield 
the desired films. 
Under 366 nm UV light (high pressure Hg lamp), the Gd2O3 substrate is not luminescent 
while the TbHL film on this substrate exhibits intense green luminescence (Figure AIV.1). 
When irradiated with 325 nm UV light, the TbHL film displays the characteristic TbIII sharp-





7F4) and 622 nm (
5D4→
7F3) 
(Figure 4.3a). The dominant emission belongs to the hypersensitive 5D4→
7F5 transition (541 
nm). Emission from the ligand is not observed, indicating efficient energy-transfer from 
ligand to TbIII. A GdHL film on Gd2O3 substrate shows a weak broad-band emission from 
350 – 650 nm as a result of ligand-centred phosphorescence (Figure 4.3b). A Gd0.9Tb0.1HL 
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Figure 4.2. SEM images of a) Gd2O3 substrate; b) TbHL crystal film on Gd2O3; c) cross-sectional 
image of the TbHL film on Gd2O3; d) enlarged image of the TbHL film on Gd2O3. (I, Gd2O3; II, TbHL 
film)  
film, doped with 10% TbIII, shows TbIII emission whereas the ligand-based phosphorescence 
is very weak (Figure 4.3c). The excitation spectrum of the Gd0.9Tb0.1HL film, monitored at 
541 nm, reveals a broad excitation band with a maximum at 325 nm that is ascribed to ligand-
centred excitation. The two small peaks in the excitation spectrum at 369 (5L10←
7F6) and 379 
nm (5D3←
7F6) are a result of the direct excitation of the Tb
III ion (Figure AIV.2). The 
emission lifetimes of TbIII emission in the TbHL film and Gd0.9Tb0.1HL film were determined 
by monitoring the 541 nm emission. The lifetime of terbium emission in the TbHL film is 
0.60 ms, which is shorter than that of Gd0.9Tb0.1HL film (0.69 ms) (Figure AIV.3). Due to 
short Tb–Tb distances (4.212 Å and 4.532 Å) in the TbHL film, the energy at the emitting 
level of the TbIII ion can migrate efficiently, increasing the probability of quenching at a 
defect site. In contrast, in the ‘diluted’ Gd0.9Tb0.1HL film the Gd
III ions effectively act as 
insulators, preventing energy migration between TbIII ions and thus enhancing the lifetime of 
TbIII emission.   
 
Figure 4.3. Room temperature emission spectra of a) TbHL film; b) GdHL film; c) Gd0.9Tb0.1HL film. 
(λexc = 325 nm) 
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Figure 4.4. a) Emission spectra of Gd0.9Tb0.1HL film in the temperature range of 110 – 270 K (ex = 
325 nm). b) Temperature dependent luminescence intensity of 5D4→
7F5 (dark gray, Tb
III at 541 nm) 
transition and the emission intensity of from 350 nm to 650 nm in Gd0.9Tb0.1HL film (ex = 325 nm). 
To evaluate the potential use of the Gd0.9Tb0.1HL film as a ratiometric thermometer, 
temperature-dependent emission spectra were recorded. As the temperature increases from 
110 to 270 K, the intensity of the TbIII-based emission changes only slightly. However, the 
intensity of the ligand-based phosphorescence decreases dramatically with increasing 
temperature due to the thermal activation of non-radiative decay pathways. The different 
responses of the two kinds of emission to changes in temperature make this material a good 
candidate for ratiometric temperature sensing.  
We define the thermometer parameter y as the ratio between the intensities I541 nm (Tb, 
5D4 → 
7F5, 541 nm) and I(phos+Tb) (the total emission intensity from 350 – 650 nm). A good linear 
relationship was found in the temperature range of 110 – 250 K according to equation (1), 
with a correlation coefficient R2 = 0.994. 
∆	 0.02481 0.00178 			110	K 250	K			 1  
The thermometer performance is evaluated by the relative sensitivity (Sr), defined by equation 
(2). The relative sensitivity of our thermometer film is up to 0.8% K–1 at 110 K. A comparison 
of the sensitivity of the ratiometric thermometer in this work with other reported materials is 




																			 2  
The accuracy and precision are other two important parameters to evaluate the performance of 
a thermometer. The accuracy is related to the correlation coefficient of the fitting curve. The 
standard derivation of the calibration curve is 0.0057 and the temperature precision is ±3.2 K 
based on equation (1). The CIE (Commission International d’Elairage) coordinates based on 
the emission spectra are given in Table AIV.1. The emission colour changes from blue-green 
at 110 K to green at 250 K.  
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Figure 4.5. a) Emission spectra of Gd0.9Tb0.1HL films recorded in the temperature range 90 – 270 K; 
b) The emission intensity ratio of I541 nm (Tb, 
5D4 → 
7F5, 541 nm) and Iall (the emission intensity from 
350 nm to 650 nm) for Gd0.9Tb0.1HL film as a function of temperature (black squares, right axis) with 
the fitting curve (light gray line; R2 = 0.994) and the relative sensitivity curve (black line, left axis). 
The stability of the film was tested by exposing the sample to temperature cycles from 110 to 
250 K for four times and proved to be quite stable (Figure AIV.5). After the low-temperature 
luminescence measurements, PXRD was measured again to confirm the stability of the crystal 
phase (Figure 4.1).  
As stated in the introduction, the composition and properties of a luminescence thermometer 
based on Ln MOFs can be varied easily. As a proof of principle another MOF film was 
prepared; it appeared that lowering the TbIII content to approximately 1% (Gd0.99Tb0.01HL) 
resulted in further improvement of the performance (Figure AIV.6 and AIV.7). The 
temperature relationship can be fitted with an exponential curve, with a relative sensitivity of 
1.7% K–1 at 240 K up to 4.4% K–1 at 110 K. It thus appears that with a higher content of GdIII 
the material becomes more sensitive, however, an even lower concentration of TbIII will make 
the TbIII emission too weak which will result in increased errors in the measurements. 
4.4 Conclusion  
In summary, for the first time lanthanoid MOF films were synthesized by a direct 
solvothermal method onto a Gd2O3 substrate. This new method unlocks a promising route to 
the synthesis of a wide range of Ln MOF films. The Gd0.9Tb0.1HL film was shown to be a 
potential thermometer for use in the temperature range of 110 to 250 K, with a relative 
sensitivity up to 0.8% K–1, whereas the compound Gd0.99Tb0.01HL with a lower Tb
III content 
resulted in a relative sensitivity up to 4.4% K–1 at 110 K. 
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 Chapter 5 
Synthesis, structure and photoluminescent properties of lanthanoid 
coordination polymers based on  
tetrakis(3,5-dicarboxyphenoxymethyl)methane 
 
A series of isostructural lanthanoid coordination polymers with the formula 
[Ln2(H6L)(H4L)(H2O)2]n (XL-Ln; Ln = Sm
III, EuIII, GdIII, TbIII, DyIII ; H8L = tetrakis(3,5-
dicarboxyphenoxymethyl)methane) have been synthesized. Four compounds (except XL-Gd) 
exhibit the characteristic emission of trivalent lanthanoid ions under UV irradiation. By using 
the mixed EuIII/TbIII salts as starting material, color-tunable coordination polymers have been 
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In recent years, luminescent lanthanoid coordination polymers (Ln-CPs) have attracted 
extensive research efforts due to their unique luminescence properties, such as long lifetime, 
high quantum yields, and characteristic sharp line emissions.1 By rational selection of the 
organic and inorganic components, Ln-CPs can generate intense photoluminescence via the 
antenna effect.2-5 These materials have been studied for applications in sensing and 
recognition of small organic molecules and ions, catalysis, proton conduction and gas storage. 
6-11 
Due to the similar chemical properties of the different lanthanoid metal ions, it is possible to 
synthesize coordination polymers with more than one kind of lanthanoid ions occupying the 
identical sites in the crystal structures.12, 13 By this strategy, multi-color emitting CPs have 
been obtained. These have been demonstrated to be potentially useful in applications such as 
ratiometric thermometers, ratiometric sensors of small organic molecules and ions, 
luminescence barcodes and white-light emitting phosphors.14-29  
Continuing our previous efforts in this field of research, we synthesized a series of new Ln-
CPs using the potentially cross-linking ligand tetrakis(3,5-dicarboxyphenoxymethyl)methane 
(H8L) shown in Figure 5.1. By using mixed Eu/Tb salts as starting material mixed Ln-CPs 
were obtained. The emission color of these mixed Ln-CPs can be tuned from red to green 
under single-wavelength excitation by adjusting the Eu/Tb molar ratio. These multicolor 
emission materials are potentially useful for ratiometric sensor and labelling applications.  
5.2 Experimental 
5.2.1 Materials and methods 
The ligand, tetrakis(3,5-dicarboxyphenoxymethyl)methane, was synthesized following 
literature procedures.30, 31 All the chemicals and solvents are commercially available and were 
used without further purification. Elemental analysis for C and H was performed at the 
Microanalytical laboratory Kolbe in Germany. IR spectra were recorded on a Perkin Elmer 
UATR Two FT-IR spectrometer set to a resolution of 4 cm–1. The excitation and emission 
spectra were recorded on a Shimadzu RF-5301PC spectrofluoriphotometer. X-ray powder 
diffraction patterns were recorded on a Philips PW 1050 diffractometer using Cu Kα radiation 
(λ = 1.542 Å). Inductively coupled plasma (ICP) optical emission spectrometry was measured 
on a VISTA-MPX Simultaneous ICP-OES with Varian SPS 3 sample preparation system. 
Thermogravimetric analyses (TGA) spectra were recorded on a NETZSCH STA 499 
instrument under argon atmosphere with heating rate of 3 °C per minute. The lifetime 
measurements were performed using a Tektronix DPO4054 digital oscilloscope. A 
nanosecond (~3 ns) Nd:YAG laser equipped with EKSPLA NTB342B-SH-SFG was 
employed as the excitation source. The collected luminescence was dispersed in a Carl Zeiss 
M20 grating monochromator and amplified by a Hamamatsu R928P photomultiplier. 
59 
5.2.2 Synthesis of the ligand (H8L) 
The ligand was synthesized via a slightly modified procedure from literature.30 To a solution 
of dimethyl 5-hydroxyisophthalate (9.2 g, 44 mmol) and K2CO3 (16.6 g, 120 mmol) in DMF 
(50 ml), pentaerythrityl tetrabromide (3.87 g, 10.0 mmol) was added slowly. The solution was 
stirred at room temperature for 20 min, then heated up to 100 °C for 72 h. The reaction was 
then cooled to room temperature, an aqueous NaOH solution (0.1 M, 50 ml) was added and 
the mixture was kept stirring for 5 min. All the solvent was evaporated and water was added 
to the residue. The resulting white solid was collected by filtration. This solid was added to 
KOH (10.24 g, 80 mmol) in a water ethanol mixture (50 ml/50 ml) and refluxed for 6 h. The 
reaction mixture was cooled down to room temperature, the solvent was evaporated, then 50 
ml water and concentrated HCl was added until pH 1. The resulting white precipitate was 
filtered and dried in vacuo. Yield 6.0 g, 91%. 1H NMR (300 MHz, DMSO): δ = 8.06 (s, 4H), 
7.72 (s, 8H), 4.50 (s, 8H) ppm. 13C NMR (75 MHz, DMSO): δ = 166.8, 159.1, 133.1, 123.1, 
119.8, 66.9, 45.2 ppm. IR (v): 3083 (br), 2626 (br), 1690 (vs), 1594 (s), 1459 (m), 1413 (m), 
1327 (m), 1211 (s), 1123 (m), 1041 (m), 998 (w), 904 (w), 882 (w), 759 (s), 726 (s), 489 (w) 
cm–1. 
5.2.3 Synthesis of [Ln2(H6L)(H4L)(H2O)2]n (XL-Ln; Ln = Sm
III, EuIII, GdIII, TbIII, DyIII). 
The ligand H8L (21 mg, 26.5 mmol) was mixed with TbCl3•6H2O (20 mg, 53 mmol) in 10 ml 
H2O, then transferred to a 20 ml Teflon-lined stainless-steel vessel, and heated to 170 °C for 3 
days. Then the vessel was cooled down to room temperature at a rate of 20 °C per hour. The 
colorless flat crystals were collected by filtration and dried in vacuo. Yield: 2 mg (8% based 
on ligand). 
XL-Sm. Selected IR data (v, cm–1): 2923 (br), 2520 (br), 1642 (vs), 1599 (m), 1536 (m), 1433 
(m), 1374 (s), 1256 (s), 1208 (m), 1136 (m), 1029 (m), 906 (m), 754 (vs), 655 (m), 595 (w), 
552 (w), 508 (w).  
XL-Eu. Selected IR data (v, cm–1): 2934 (br), 2535 (br), 1642 (vs), 1590 (m), 1540 (m), 1431 
(m), 1374 (s), 1261 (s), 1212 (m), 1137 (m), 1029 (m), 905 (m), 754 (vs), 677 (m), 595 (w), 
508 (w).  
XL-Gd. Selected IR data (v, cm–1): 2933 (br), 2553 (br), 1643 (vs), 1596 (m), 1538 (m), 1443 
(m), 1375 (s), 1260 (s), 1211 (m), 1131 (m), 1030 (m), 906 (m), 754 (vs), 677 (m), 664 (m), 
596 (w), 555 (w), 506 (w).  
XL-Tb. Selected IR data (v, cm–1): 2929 (br), 2528 (br), 1643 (vs), 1598 (m), 1541 (m), 1447 
(m), 1377 (s), 1263 (s), 1209 (m), 1133 (m), 1043 (m), 906 (m), 754 (vs), 679 (m), 663 (m), 
596 (w), 555 (w), 508 (w).  
XL-Dy. Selected IR data (v, cm–1): 2929 (br), 2524 (br), 1644 (vs), 1600 (m), 1543 (m), 1450 
(m), 1376 (s), 1263 (s), 1203 (m), 1134 (m), 1043 (m), 905 (m), 755 (vs), 683 (m), 656 (m), 
596 (w), 552 (w), 509 (w). 
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The mixed lanthanoid compounds were made following a similar procedure, but using a 
mixture of EuIII and TbIII salts instead of pure LnIII salt. Inductively coupled plasma atomic 
emission spectroscopy (ICP-AES) was used to characterize the Eu/Tb molar ratio in the final 
products. 
XL-Eu0.2Tb0.8 analyzed as [Tb1.34Eu0.66(H6L)(H4L)(H2O)2]n. Selected IR data (v, cm
–1): 2929 
(br), 2517 (br), 1641 (s), 1600 (m), 1543 (m), 1450 (m), 1433 (m), 1375 (s), 1256 (s), 1198 
(m), 1134 (m), 1031 (m), 906 (m), 877 (w), 800 (w), 754 (vs), 677 (m), 655 (m), 595 (w), 552 
(w), 506 (w).  
XL-Eu0.4Tb0.6 analyzed as [Tb0.90Eu1.10(H6L)(H4L)(H2O)2]n. Selected IR data (v, cm
–1): 3073 
(br), 2529 (br), 1643 (s), 1601 (m), 1544 (m), 1455 (m), 1433 (m), 1377 (s), 1264 (s), 1211 
(m), 1135 (m), 1043 (m), 906 (m), 875 (w), 799 (w), 756 (vs), 679 (m), 595 (w), 553 (w), 507 
(w).  
XL-Eu0.6Tb0.4 analyzed as [Tb0.56Eu1.44(H6L)(H4L)(H2O)2]n. Selected IR data (v, cm
–1): 2929 
(br), 2526 (br), 1642 (s), 1599 (m), 1539 (m), 1448 (m), 1436 (m), 1375 (s), 1256 (s), 1207 
(m), 1133 (m), 1031 (m), 905 (m), 876 (w), 801 (w), 754 (vs), 681 (m), 656 (m), 595 (w), 553 
(w), 508 (w).  
XL-Eu0.8Tb0.2 analyzed as [Tb0.26Eu1.74(H6L)(H4L)(H2O)2]n. Selected IR data (v, cm
–1): 2934 
(br), 2535 (br), 1645 (s), 1599 (m), 1544 (m), 1453 (m), 1433 (m), 1376 (s), 1264 (s), 1213 
(m), 1135 (m), 1046 (m), 906 (m), 877 (w), 798 (w), 756 (vs), 678 (m), 664 (m), 595 (w), 552 
(w), 509 (w).  
5.2.4 X-ray crystallography study 
All reflection intensities were measured at 110(2) K using a SuperNova diffractometer 
(equipped with Atlas detector) with Cu Kα radiation (λ = 1.54178 Å) under the program 
CrysAlisPro (Version 1.171.36.32 Agilent Technologies, 2013). The same program was used 
to refine the cell dimensions and for data reduction. The structure was solved with the 
program SHELXS-2014/7 and was refined on F2 with SHELXL-2014/7.32 Analytical numeric 
absorption correction based on a multifaceted crystal model was applied using CrysAlisPro. 
The temperature of the data collection was controlled using the system Cryojet (manufactured 
by Oxford Instruments). The H atoms were placed at calculated positions (unless otherwise 
specified) using the instructions AFIX 23, AFIX 43 or AFIX 147 with isotropic displacement 
parameters having values 1.2 or 1.5 Ueq of the attached C or O atoms. The H atoms attached 
to O1W (coordinated water molecule) were found from difference Fourier maps, and their 
coordinates were refined freely using the DFIX instructions. The structure is ordered. The 
organic moiety has twofold axial symmetry as C101 and C103 are located at sites of two 
twofold axes.  
Additional notes: (i) The displacement ellipsoids for atoms O53 and O54 are somewhat 
elongated, most likely suggesting slight disorder. An attempt to model the disorder was not 
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successful as the refinement was not stable. Thus, both atoms were left ordered in the final 
refinement. 
(ii) There is one residual electron density Q peak of 0.54 e– Å–3 found at 0.96 Å from O23. 
This peak cannot be an H atom because it is not located within the plane defined by C73, O13 
and O23, and because there are no potential O acceptors around O23 except for O11. 
5.3 Results  
5.3.1 Description of the structure 
Only the structure of XL-Tb was determined by X-ray crystallography as all compounds 
proved to be isostructural (discussed below). X-ray quality single crystals of XL-Tb were 
obtained from the hydrothermal synthesis.33 XL-Tb crystallized in the monoclinic space group 
P2/c. The asymmetric unit contains two half parts of two ligand with different coordination 
modes, one terbium ion and one coordinated water molecule (Figure 5.1a). The TbIII ion is 
coordinated by seven O atoms from six carboxylate groups and one O atom from water, 
forming a geometry best described as a distorted bicappped trigonal prism. The Tb-O bond 
lengths are in the range of 2.254 – 2.582 Å, which can be considered normal for this type of 
bonds.14, 19, 21, 34, 35 There are no O atoms shared by TbIII ions. The ligands show two different 
kinds of coordination modes. In the first coordination mode the ligand is twice deprotonated 
 
Figure 5.1. Impression of the crystal structure of [Tb2(H6L)(H4L)(H2O)2]n and coordination modes of 
the ligand. a) asymmetric unit; b) Projection of the structure of XL-Tb along the c axis; c) 
coordination mode of the ligand H6L; d) coordination mode of the ligand H4L. Green = terbium, red 
= oxygen, grey = carbon; hydrogen atoms are removed for clarity. 
62 
	
Figure 5.2. Topological structure of XL-Tb. a) the six-connected node (ligand H6L); b) the four-
connected node (ligand H4L); c) the five-connected node (terbium); d) topology structure. (Gray node 
= Tb; yellow node = six-connected ligand; blue node = four-connected ligand)  
and coordinated to six different TbIII ions (Figure 5.1c). In the second coordination mode the 
ligand is four times deprotonated and coordinated to four different TbIII ions (Figure 5.1d). In 
both cases the ligand has twofold axial symmetry with the axis passing through the central 
carbon atom of the ligand. Hydrogen bonds can be found in the crystal structure which may 
enhance the structure stability (Table AV.2). Free software TOPOS was used to analyze the 
structure.36-38 The ligand is coordinated to either six TbIII or four TbIII ions, and thus are 
considered as a six or four connected nodes. Each TbIII ion is bound by five different ligands 
and thus treated as a five-connected node. The point symbol of this topology is 
{44•62}{46•64}2{48•67} (Figure 5.2). 
Powder XRD was used to confirm the phase purity of XL-Ln (Ln = SmIII, EuIII, GdIII, TbIII and 
DyIII). As shown in Figures AV.2, the PXRD pattern of all samples are highly similar to the 
simulated pattern from the single crystal structure of XL-Tb, confirming the phase purity of 
all samples and their being isomorphous. 
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5.3.2 Luminescence properties 
 
Figure 5.3. The excitation and emission spectra of a) XL-Sm; b) XL-Eu; c) XL-Tb; d) XL-Dy. 
When illuminated with a laboratory high-pressure Hg lamp (366 nm), the compounds XL-Sm, 
XL-Eu, XL-Tb and XL-Dy show orange, red, green and white luminescence, respectively; the 
compound XL-Gd is not luminescent. Solid state photoluminescence spectra for all 
compounds are shown in Figure 5.3. The CIE (Commission International d’Elairage) 
coordinates have been calculated on the basis of the emission spectra (Table AV.3) 
The emission spectrum of XL-Sm contains the four characteristic peaks for the SmIII ion at 
562, 598, 644 and 713 nm, which are ascribed to the 4G5/26HJ transitions (J = 5/2, 7/2, 9/2 
and 11/2).39-41 The dominant orange color of emission is due to the most intense peak of the 
4G5/26H9/2 transition. The 4G5/26H5/2 transition is magnetic dipole (MD) in nature, and its 
intensity is less sensitive to the coordination environment of the SmIII ion. As a comparison, 
the 4G5/26H9/2 transition is electric dipole (ED) in nature, and its emission intensity is more 
sensitive to the coordination environment.42-44 The fact that the 4G5/26H9/2 transition is more 
intense than the 4G5/26H5/2 transition indicates that the SmIII ion occupies a non-
centrosymmetric site,39, 45, 46 and is in agreement with the single crystal structure. When 
excited by 330 nm UV light, the compound XL-Eu exhibits the four typical peaks of the EuIII 
ion at 585, 615, 649 and 702 nm, assigned to the 5D07FJ transitions (J = 1–4). The emission 
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spectrum is dominated by the 5D07F2 transition. The compound XL-Tb displays the 
characteristic emission peaks of TbIII at 486, 542, 587 and 622 nm, related to the 5D47FJ (J 
= 6–3) transitions upon excitation with 333 nm light.26, 27 The emission spectrum of XL-Dy 
comprises three peaks at 485, 574 and 660 nm, corresponding to the transitions of 4F9/26HJ 
(J = 15/2, 13/2 and 11/2) of the DyIII ion.21 
The lowest singlet excited state of the ligand is estimated from the room temperature solid 
state absorption spectrum of XL-Gd shown in Figure AV.5 (310 nm ≈ 32260 cm−1). The 
energy level of the triplet excited state of the ligand H8L is 23200 cm
−1 (431 nm), as 
estimated from the phosphorescence spectrum of XL-Gd at 77 K (Figure AV.6). The energy 
gap between the singlet and triplet excitation states of ligand is 9060 cm−1, which is suitable 
for efficient intersystem crossing according to Reinhoudt’s rules.47 Due to the small energy 
gaps between the emitting level and highest energy levels of the ground state of the SmIII and 
DyIII ions, their emission is easily quenched by non-radiative processes.48 For XL-Tb and XL-
Eu, the energy differences between triplet state of the ligand with the LnIII emitting level (for 
TbIII, 5D4, 20.5 × 10
3 cm−1; for EuIII, 5D0, 17.2 × 10
3 cm−1) are 2700 cm−1 and 6000 cm−1, 
respectively. This suitable energy gap makes the energy transfer from the ligand triplet state 
to the LnIII exited state efficient and without significant back transfer.12, 48, 49  
 
Figure 5.4.The decay curves of a) XL-Sm; b) XL-Eu; c) XL-Tb; d) XL-Dy. (λex = 325 nm; XL-4Sm, 
monitored at 644 nm, τ = 0.719 μs, R2 = 0.999; XL-4Eu, monitored at 615 nm, τ = 0.363 ms, R2 = 
0.999; XL-4Tb, monitored at 542 nm, τ = 0.814 ms, R2 = 0.999; XL-4Dy, monitored at 574 nm, τ = 
8.431 μs, R2 = 0.997) 
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The emission lifetimes of the compounds XL-Sm, XL-Eu, XL-Tb and XL-Dy were recorded. 
The decay curves of all four compounds show nonexponential behavior, indicating the LnIII 
emitting centers share identical coordination environments in the compounds, respectively. 
The lifetimes of the compounds XL-Ln (Ln = Sm, Eu, Tb and Dy) are 0.719 μs, 0.363 ms, 
0.814 ms and 8.431 μs, which are normal values compared to the reported values.16, 26, 46 
The luminescence emission color of the lanthanoid coordination polymer can be tuned by 
changing the molar ratio of Eu/Tb ions present in the compound. The Eu:Tb ratio was varied 
from 2:8 to 8:2, and the CIE coordinates of the resulting compounds are shown in Table 
AV.3. With increasing Eu:Tb ratio, the emission color of the mixed-lanthanoid compound 
changes from green to red. Furthermore, the lifetime of TbIII emission monitored at 544 nm 
(5D4) decreases, indicating the occurrence of energy transfer from Tb
III to EuIII. The energy 
transfer efficiency from the TbIII to EuIII in the mixed-lanthanoid sample is calculated with η = 
1−τ/τ0, where τ0 and τ are the lifetime of the Tb
III emission in XL-Tb and the mixed-
lanthanoid compounds, respectively. The results are presented in table AV.4. The energy 
transfer efficiency increases from 0.072 to 0.303 with increasing EuIII concentrations. 
Compared to our previous work,27 the energy transfer from TbIII to EuIII is less efficient in this 
material due to the longer Ln-Ln distances (for this work, 6.898 Å; four our previous work, 
4.212 Å and 4.532 Å).  
5.4 Conclusion 
For the first time, lanthanoid coordination polymers using the potentially crosslinking ligand 
tetrakis(3,5-dicarboxyphenoxymethyl)methane have been obtained and were fully 
characterized. The studies revealed that XL-Sm, XL-Eu, XL-Tb and XL-Dy exhibit the 
typical luminescent emission of the trivalent lanthanoid ions under UV irradiation. Tunable 
red to green emission is achieved by using a mixture of Eu/Tb salts as starting material in the 
hydrothermal synthesis of the coordination polymer. These multicolor emission materials are 
potentially useful for ratiometric sensors, optoelectronic devices and labeling applications.14  
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 Chapter 6 
 
Synthesis and photophysical properties of a highly luminescent  
EuIII-containing hybrid thin film 
 
A luminescent thin film, Eu@glass, has been prepared on the surface of glass substrates from 
a silylated diamidopyridyl ligand L and [Eu(dbm)3(H2O)2] (Hdbm = dibenzoylmethane) via a 
sol-gel method. The Eu@glass exhibits intense red photoluminescence under the irradiation 
of near UV light with a quantum yield of 26%. Compared to the compound [Eu(dbm)3(H2O)2], 
the photoluminescence intensity of Eu@glass is dramatically enhanced, and the emission 
lifetime of EuIII (0.47 ms) nearly an order of magnitude longer. These phenomena confirm 
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The photoluminescent properties of lanthanoid compounds have drawn extensive attention 
due to their attractive features, such as characteristic sharp line emission, long emission 
lifetime and high quantum yields.1 All of these features make LnIII-based materials suitable 
for use in a wide range of potential applications, such as sensing,2-4 imaging,5, 6 and phosphors 
in lighting.7-11 Due to the nature of 4f-4f transition, the direct excitation of LnIII is rather weak. 
In lanthanoid complexes, the photon energy can be absorbed efficiently by its surrounding 
organic ligand upon which energy is transferred to the LnIII emitting center, a phenomenon 
that is known as the “antenna effect”.12  
The rather poor mechanical properties of lanthanoid complexes limit their technological 
applications.13, 14 One of the solutions is to introduce lanthanoid complex into a polymer or 
silica-based matrix, which can be used to fabricate luminescent thin films.15-22 Transparent 
luminescent thin films containing lanthanoid complexes have been demonstrated to be useful 
for agriculture and horticulture,23, 24 lighting,25 Si-based solar cells26 and as luminescent solar 
concentrators (LSCs).14, 27  
In this chapter, we report the synthesis of a new silylated diamidopyridyl ligand L and the 
corresponding EuIII organic-inorganic silicate hybrid film. The thin film on the surface of 
glass has been obtained via a sol-gel process and was characterized by FTIR. The 
photoluminescent properties of this thin film have been investigated and are reported. 
6.2 Experimental 
6.2.1 Materials 
All the chemicals and solvents were purchased from commercial sources and used without 
further purification. The compound [Eu(dbm)3(H2O)2] was synthesized following a literature 
procedure.28 IR spectra were recorded on a Perkin Elmer UATR Two FT-IR spectrometer set 
to a resolution of 4 cm–1. The solid state excitation spectra were recorded using a Shimadzu 
RF-5301PC spectrofluoriphotometer. The solid-state emission spectra were recorded with an 
irradiation calibrated CCD sensor (Avantes AvaSpec-2048UA). The lifetime measurements 
were performed using a Tektronix DPO4054 digital oscilloscope. A Nd:YAG laser equipped 
with EKSPLA NTB342B-SH-SFG was employed as the excitation source. The collected 
luminescence was dispersed in a Carl Zeiss M20 grating monochromator and amplified by a 
Hamamatsu R928P photomultiplier. Photoluminescence quantum yield was determined using 
the absolute method.29 An integrating sphere (Avantes AvaSphere 30REFL) was connected to 
an irradiance-calibrated CCD spectrometer (Avantes AvaSpec-2048UA). A 1000 W Xenon 
lamp (LOT) and a Spex monochromator were used as the excitation source.  
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6.2.2 Ligand synthesis 
Dimethyl pyridine-2,6-dicarboxylate (1) 
Thionyl chloride (26.80 ml, 372 mmol) was added dropwise to methanol (125 ml) at 0 °C, 
then solid 2,6-pyridinedicarboxylic acid (10.00 g, 60 mmol) was added to this solution. The 
reaction mixture was stirred at room temperature for 18 h, and then refluxed for 2 hr. After 
evaporation of the solvent, the residue was dissolved in diethyl ether (150 ml), and washed 
with water (3×30 ml). The organic layer was dried with anhydrous MgSO4 and the solvent 
was evaporated in vacuo. The crude product was used in next step reaction without further 
purification. Yield: 11.01 g, 94%. 1H NMR (300 MHz, CDCl3): δ = 8.33 (d, J = 7.8 Hz, 2H, 
Ph), 8.05 (t, J = 7.8 Hz, 1H, Ph), 4.04 (s, 6H, CH3) ppm. 
13C NMR (75 MHz, CDCl3): δ = 
165.0, 148.2, 138.4, 128.0, 53.2 ppm.  
N,N'-bis(2-aminoethyl)-2,6-pyridinedicarboxylic diamide (2) 
1,2-Diaminoethane (8.95 g, 149 mmol) was added to a solution of 1 (4.00 g, 20.4 mmol) in 
200 ml methanol, and stirred at room temperature for 12 hr. After the reaction, the precipitate 
(oligomeric by-products) was removed by filtration and the filtrate was evaporated in vacuo. 
The residue was dissolved in 30 ml butanol and evaporated to dryness to further remove 1,2-
diaminoethane. A yellowish solid was obtained, which was used in the next step without 
further purification. Yield: 4.84 g, 95%. 1H NMR (300 MHz, MeOD): δ = 8.31-8.14 (m, 3H, 
Ph), 3.55 (t, J = 6.3 Hz, 4H, CH2), 2.93 (t, J = 6.3 Hz, 4H, CH2) ppm. 
13C NMR (75 MHz, 
MeOD): δ = 164.9, 148.8, 139.1, 124.4, 41.8, 40.8 ppm.  
Ligand L. 
To a solution of 2 (2.56 g, 10.2 mmol) in 200 ml toluene was added 3-triethoxysilanylpropyl 
isocyanate (5.54 g, 22.4 mmol), the mixture was refluxed for 24 hr, after which the solvent 
was removed and the oil was kept at –20 °C. The resulting white precipitate was collected by 
filtration, washed with diethyl ether and dried in vacuo. Yield: 2.01 g, 26%. 1H NMR (300 
MHz, CDCl3, Figure S1): δ = 8.28 (d, J = 7.8 Hz, 2H, Ph), 8.00 (t, J = 7.5 Hz , 1H, Ph), 3.84 
(q, J = 7.0 Hz, 12H, OCH2Me), 3.69-6.60 (m, 4H, CH2), 3.60-3.49 (m, 4H, CH2), 3.16 (q, J = 
6.7 Hz, 4H, CH2), 1.69-1.60 (m, 4H, CH2), 1.20 (t, J = 7.8 Hz, 18H, CH3), 0.61 (t, J = 8.1 Hz, 
4H, CH2) ppm. 
13C NMR (75 MHz, CDCl3, Figure S2): δ = 164.4, 160.0, 148.6, 138.9, 124.2, 
58.5, 43.1, 41.7, 39.8, 23.6, 18.4, 7.6 ppm. Selected IR data (v): 3284 (m), 2968 (m), 2929 
(m), 2886 (m), 1664 (m), 1637 (m), 1547 (s), 1497 (m), 1446 (m), 1389 (w), 1359 (w), 1291 
(m), 1268 (m), 1249 (m), 1167 (m), 1100 (s), 1074 (vs), 1003 (w), 953 (m), 847 (w), 775 (m), 
748 (m), 681 (m), 646 (m), 479 (w) cm–1. 
6.2.3 Preparation of luminescent silica film (Eu@glass) 
Glass substrates (ROFA MAVI object glass, 7626 mm) were cleaned with acetone in an 
ultrasonic bath for 5 min, then dried in the oven. Substrates were immersed in a mixture of 
hydrogen peroxide and sulfuric acid, and then stored in distilled H2O. Ligand L (6.710-3 
mmol, 5.0 mg), [Eu(dbm)3(H2O)2] (3.310-3 mmol, 2.8 mg) were dissolved in 5 ml mixture of 
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EtOH/H2O = 9.5:0.5, and stirred at room temperature for 3 days. The thin film was prepared 
by dropping the solution on a glass substrate, which was then dried in air. 
6.3 Results and discussion 
6.3.1 Structure characterization 
The ligand L was synthesized following the procedure in Scheme 6.1 in an overall yield of 
23%. The ligand was mixed into an ethanol-methanol solution containing the compound 
[Eu(dbm)3(H2O)2], yielding a transparent solution that was drop-casted onto a thoroughly 
cleaned and pre-treated glass plate. In the description below the resulting film is indicated as 
Eu@glass. 
 
Scheme 6.1. Synthesis route of the ligand L. 
The FTIR spectra of [Eu(dbm)3(H2O)2], ligand L and Eu@glass are shown in Figure 6.1. The 
broad peak at 3351 cm–1 in the FTIR spectrum of [Eu(dbm)3(H2O)2] are indicative of the 
presence of the two water molecules (trace a, Figure 6.1), whereas the peaks at 1595 and 1454 
cm–1 are assigned to the stretching vibration of the carbonyl groups of the dbm ligands.30, 31 
The absorbance in the range of 750-680 cm–1 are assigned to the C-H out-of-plane wagging of 
the phenyl rings in the ligand dbm.17, 32 In the FTIR spectrum of the ligand L, the peaks at 
1637 cm–1 (C=O stretching vibration) and 1547 cm–1 (N-H bending vibration) are assigned to 
the amide groups (trace b, Figure 6.1).22  The peaks at 1074 and 479 cm–1 belong to the 
stretching and bending vibration of Si-O, respectively.33 The broad peak at 3284 cm–1 can be 
assigned to the stretching vibration of the amide N-H. In addition to the NMR spectra these 
results support that the ligand L was synthesized successfully. In the FTIR spectrum of 
Eu@glass, a broad band centered at 1039 cm–1 (Si-O-Si asymmetric stretching vibration) 
indicates the successful formation of the Si-O-Si framework (trace c, figure 6.1).13, 15, 34 
Furthermore, the two strong peaks at 1661 and 1535 cm–1 ascribed to the amide groups are 
slightly shifted compared to the ligand L spectrum, which might be ascribed to the 
coordination of ligand L to EuIII via the pyridine nitrogen and the amide carbonyl oxygens.35 
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Figure 6.1. FTIR spectra of a) [Eu(dbm)3(H2O)2] b) ligand L and c) Eu@glass. 
6.3.2 Luminescence 
Under the irradiation of a high-pressure Hg lamp (366 nm), [Eu(dbm)3(H2O)2] shows 
relatively weak red emission. In contrast, the Eu@glass exhibits an intense red-color emission 
(Figure 6.2). The excitation and emission spectra of the Eu@glass were recorded (Figure 6.3).  
 
Figure 6.2. Photographs of [Eu(dbm)3(H2O)2] (yellow solid in vial), the hybrid gel (transparent liquid 
in vial) and Eu@glass on glass substrate. Above: ambient light; below, 366 nm UV light.  
When excited with 385 nm UV light only one weak peak at 612 nm is observed in the 
emission spectrum of [Eu(dbm)3(H2O)2], assigned to the 
5D0→
7F2 transition of the Eu
III ion 
(Figure AVI.3). The weak emission is due to the occurrence of quenching by coupling with 
O-H oscillator of the coordinated water molecule.36-39 
Upon excitation with 385 nm UV light the emission spectrum of the Eu@glass shows the five 
emission peaks that are characteristic for the EuIII ion at 578, 590, 615, 652 and 699 nm, 
arising from the 5D0→
7FJ (J = 0-4) transitions. No phosphorescence emission from the ligand 
is observed, indicating an efficient energy-transfer process from the ligand to the EuIII ion. 
The emission peak at 590 nm (5D0→
7F1) is a magnetic dipole (MD) transition and its intensity  
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Figure 6.3. Excitation (left) and emission (right) spectra of Eu@glass. 
is insensitive to the coordination environment. However, the 5D0→
7F2 transition at 615 nm is 
a forced electric dipole (ED) transition and its intensity is sensitive to the EuIII surroundings.40 
The emission spectrum is dominated by the 5D0→
7F2 transition at 615 nm and the emission 
intensity of the 5D0→
7F1 transition is rather weak, indicating lack of an inversion center at the 
EuIII site.41 Compared to [Eu(dbm)3(H2O)2], the considerable luminescence enhancement of 
Eu@glass gives a strong indication that the ligand L is coordinated to the EuIII emitting center, 
having replaced the water molecules. The emission quantum yield of the Eu@glass has been 
measured using the absolute method and was calculated to be 26%.29 The emission of 
[Eu(dbm)3(H2O)2] is too weak for quantum yield determination in our setup, but has been 
reported to be 1%.39 
 
Figure 6.4. The decay curves of a) [Eu(dbm)3(H2O)2]; b) Eu@glass monitored at 615 nm. (λex = 355 
nm). 
The 5D0 decay curves monitored at 615 nm for the Eu@glass and the compound 
[Eu(dbm)3(H2O)2] are shown in Figure 6.4. Both decay curves display mono-exponential 
behavior. The emission lifetime of the EuIII ion in [Eu(dbm)3(H2O)2] is 0.048 ms, whereas the 
lifetime of the EuIII emission in Eu@glass is 0.517 ms. The shorter emission lifetime of the 
EuIII ion in [Eu(dbm)3(H2O)2] is due to the quenching effect from coordinated water 
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molecules. The dramatically prolonged lifetime of emission in the Eu@glass further 
demonstrates that the ligand L is coordinated to the EuIII ion. 
6.4 Conclusion 
The luminescent thin film, Eu@glass, has been prepared on a glass surface via a sol-gel 
method using a silylated ligand L and [Eu(dbm)3(H2O)2]. FTIR spectra confirm that the silica 
matrix is formed and that the ligand L is coordinated to EuIII successfully via the pyridine and 
carbonyl group of the ligand. The film exhibits bright red luminescence under the excitation 
of near UV light. The considerable enhanced emission intensity and prolonged lifetime of 
emission of the Eu@glass confirm the coordination of the ligand L to the EuIII ion, as it 
indicates the reduction of the thermo-quenching by coordinated water molecules.  
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7.1 Summary  
7.1.1 Introduction 
Lanthanoid coordination polymers (Ln CPs), self-assembled from organic ligands and 
lanthanoid ions, combine the promising properties of normal transition metal CPs, such as a 
well-defined structures and large surface areas, with the properties of lanthanoid ions, notably 
luminescence and magnetism. As the oxidation state and chemical properties of the lanthanoid 
ions are highly similar, it is possible to prepare mixed-metal Ln CPs which shows dual 
emission from two different lanthanoid ions or lanthanoid ions and ligands. These dual-
emission Ln CPs have been proven to be good candidates for temperature sensing and small 
molecule sensing, as the intensity ratio from two individual emission peaks can be used as 
parameters for temperature. CP films are promising materials for sensing and separation, 
however, less research has been done with Ln CP films, mainly due to the difficulty in their 
preparation. In Chapter 1 of this thesis a general introduction of lanthanoid ions, luminescence 
and the antenna effect of the coordinating ligands is provided. This general introduction is 
followed by an overview of lanthanoid coordination polymers (Ln CPs) and specifically 
examples of organic ligands used for the preparation of such Ln CPs are provided. 
Furthermore, the origin of luminescence in Ln CPs and dual-emission Ln CPs is discussed. 
Finally, the preparation methods of coordination polymers and CP films are summarized, and 
examples of substrates are compared. 
1.1.2 A mixed-lanthanoid metal-organic framework for ratiometric cryogenic temperature 
sensing 
As discussed in Chapter 1, rigid ligands with aromatic carboxylate groups (Ar-COO–) help in 
the formation of highly crystalline coordination polymers. In addition, previous research has 
shown that ligands with phenolate groups are good sensitizers for the TbIII ion.1 For these 
reasons, 5-hydroxy-1,2,4-benzenetricarboxylic acid (H4L) was employed to prepare a series 
of lanthanoid-containing metal-organic frameworks (MOFs) LnHL, 
{[Ln2(HL)2(H2O)3]·5.5H2O}n, (Ln = Eu
III, TbIII, GdIII), as described in Chapter 2. By using a 
mixture of lanthanoid salts as starting material, mixed-lanthanoid MOFs were also prepared. 
Powder X-ray diffraction (PXRD) and infrared (IR) analysis showed that the obtained 
materials are isostructural. The single crystal structure of [Tb2(HL)2(H2O)3]·5.5H2O revealed 
the presence of 1D channels and 1D Ln chains along the c axis. Luminescence studies showed 
that the compound TbHL exhibits strong green emission typical for the TbIII ion while the 
isostructural compound EuHL does not show EuIII emission, due to concentration quenching. 
Inspired by reports of ratiometric luminescence thermometers based on lanthanoid-containing 
MOFs, we also studied the temperature dependence of the luminescence of our mixed-
lanthanoid MOFs. Temperature-dependent emission spectra showed that the compound 
Tb0.95Eu0.05HL has good temperature sensitivity in a wide temperature range from 4 to 290 K. 
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The sensing mechanism was studied by temperature-dependent lifetime of TbIII and EuIII 
emission in Tb0.95Eu0.05HL and the temperature-dependent emission spectrum of 
Gd0.9Eu0.05Tb0.05HL. It was found that the 1D Ln chains play an important role in the 
temperature sensing process, and that the sensing mechanism of this compound is based not 
only on phonon-assisted energy transfer from TbIII to EuIII centers, but also on phonon-
assisted energy migration between neighboring TbIII ions in the 1D Ln chains. The compound 
shows especially good performance in the cryogenic range of 4 – 50 K with a temperature 
sensitivity up to 31% K–1 at 4 K. This is the first time that phonon-assisted energy migration 
between neighboring TbIII ions is found to play an important role in the sensing mechanism of 
a ratiometric thermometer. 
1.1.3 Ratiometric thermometer based on a lanthanoid coordination polymer 
As demonstrated in Chapter 2 and related reports, dual-emission lanthanoid coordination 
polymers can be used as ratiometric luminescence thermometers.2 Most of the dual-emission 
luminescence thermometers reported in literature are based on TbIII and EuIII emitting centers. 
Another option is the use of dual emission based on the phosphorescence of the ligand 
together with the luminescence of lanthanoid ions. In the second strategy the sensing 
mechanism is based on the fact that ligand-centered emission is temperature sensitive, 
whereas Ln emission at low concentrations is less sensitive to temperature. As the lanthanum 
ion does not have 4f electrons, LaIII complexes only show ligand-centered emission. Based on 
the ligand H4L described in Chapter 2, new 2D lanthanoid coordination polymers 
{[La(HL)(H2O)2]·H2O}n were obtained by using LaCl3•7H2O as the starting material. Due to 
the significant different ionic radius of the LaIII ion compared to that of the TbIII and EuIII ions, 
the crystal structure of the resulting CP changed from a 3D network (EuIII and TbIII) to 2D 
layers (LaIII). By doping small amounts of TbIII and EuIII ions in the lanthanum-based 
compound, the structures of the mixed-metal CPs are identical to pure LaIII compounds as 
shown by powder XRD analysis. The absence of EuIII luminescence in La0.95Eu0.05HL is due 
to quenching via a high-energy vibration of the coordinated water molecules. Temperature-
dependent emission spectra showed that indeed the ligand-centered emission is sensitive to 
temperature while the luminescence arising from the TbIII ion is more or less insensitive to 
changes in temperature. The compound La0.95Tb0.05HL thus can be used as a ratiometric 
thermometer based on the ratio of emission intensity of the ligand-centered emission and TbIII 
emission in the temperature range of 90 – 280 K with a sensitivity up to 0.53% K–1 at 280 K. 
A number of examples have been reported of ratiometric luminescence thermometers that are 
based on the temperature-dependent phosphorescence of either the ligand or embedded dyes.2-
4 However, our material La0.95Tb0.05HL is the first example of a ratiometric thermometer 
using temperature-dependent phosphorescence that is based on a LaIII coordination polymer.  
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1.1.4 One-step growth of lanthanoid metal-organic framework (MOF) films under 
solvothermal conditions for temperature sensing 
MOF films are potentially useful in applications such as sensing and separation.5 In Chapter 1, 
it is described that most MOF films reported in literature are based on transition metal ions, 
whereas reports of lanthanoid-based MOF films are rare due to the difficulty to fabricate such 
Ln-based MOF films. Inspired by transition metal MOF films that can be grown on substrates 
of transition metals or transition metal oxides, in Chapter 4 it is described that the lanthanoid 
oxide Gd2O3 can be used as a substrate for the growth of Ln MOF films, for which the Ln-
based MOF reported in Chapter 2 was used. The results demonstrate that indeed such Ln-
based MOF can be grown on the surface of Gd2O3 as smooth films without defects. It is 
proposed that the Gd centers on the surface of the Gd2O3 substrate help to improve the 
nucleation process of the MOF, as the use of porous Al2O3 as a substrate does not result in the 
growth of lanthanoid films. Furthermore, the temperature-sensing performance of a mixed-
lanthanoid MOF film was studied. The Gd0.9Tb0.1HL film was shown to be a potential 
thermometer for use in the temperature range of 110 to 250 K, with a relative sensitivity up to 
0.8% K-1, whereas the compound Gd0.99Tb0.01HL with a lower Tb content resulted in a relative 
sensitivity up to 4.4% K-1 at 110 K. The results for the first time show that Gd2O3 can be used 
as an excellent substrate for the growth of films of Ln-based MOFs using a solvothermal 
synthesis method. 
1.1.5 Synthesis, structure and photoluminescent properties of lanthanoid coordination 
polymers based on tetrakis(3,5-dicarboxyphenoxymethyl)methane 
Mixed-lanthanoid CPs are promising candidates for temperature sensing and small molecule 
sensing. As discussed in Chapter 1, ligands with aromatic carboxylate groups (Ar-COO–) are 
potentially good ligands for the synthesis of lanthanoid coordination polymers. In Chapter 5 a 
new dendritic-type ligand containing eight carboxylate groups (H8L) was used for the 
preparation of lanthanoid complexes. High quality single crystals were obtained by the 
hydrothermal synthesis method. Single crystal X-ray diffraction of the compound 
[Ln2(H6L)(H4L)(H2O)2]n (Ln = Sm
III, EuIII, GdIII, TbIII, DyIII) showed that the ligand is present 
in two different kinds of coordination modes and the compound crystallized in the rather rare 
crystal trinodes topology {44•62}{46•64}2{48•67}. A study of the luminescent properties 
showed that the ligand H8L efficiently sensitizes the emission of Sm
III, EuIII, TbIII and DyIII 
ions. Tunable red to green emission is achieved by using a mixture of Eu/Tb salts as starting 
material in the hydrothermal synthesis of the coordination polymer. The energy-transfer 
efficiency in the mixed-lanthanoid compounds was calculated which indicated that the 
energy-transfer efficiency is dramatically lower than that of the MOFs reported in Chapter 2 
with the same mixed-metal ratio, due to the longer distances between the Ln ions in the crystal 
structure. These multicolor emission materials are potentially useful for ratiometric sensors, 
optoelectronic devices and labeling applications.6  
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1.1.6 Synthesis and photophysical properties of a highly luminescent EuIII-containing hybrid 
thin film 
Lanthanoid complexes generally show rather low stability under UV irradiation.7 Furthermore, 
the poor mechanical properties limit their potential technological application.8 One of the 
solutions to overcome those disadvantages is introducing these compounds into a rigid matrix, 
such as based on silica. The corresponding hybrid materials can be used to prepare 
luminescent thin films as solar energy converters and energy concentrators.8 In Chapter 6, the 
synthesis of a luminescent lanthanoid film on a glass substrate is described. This film was 
fabricated by using a new silylated 2,6-diamidopyridyl ligand L in combination with the 
compound [Eu(dbm)3(H2O)2] via the sol-gel method. A broad vibration centered at 1039 cm
–1 
in the FTIR spectrum of the produced film demonstrated that the Si-O-Si matrix was formed 
successfully. The significantly increased emission intensity and prolonged emission lifetime 
of the europium ion in this hybrid film indicates that the water molecules coordinated in the 
compound [Eu(dbm)3(H2O)2] are replaced by pyridyl and amide donor atoms of the ligand L. 
The luminescence quantum yield of this film is approximately 26%, whereas the quantum 
yield of the parent compound [Eu(dbm)3(H2O)2] has been reported to be less than 1%.   
7.2 Conclusions and Outlook 
The aim of the research described in this thesis was to synthesize lanthanoid coordination 
compounds and to investigate their luminescent properties and potential applications. To 
obtain highly luminescent lanthanoid coordination compounds the ligand used should have a 
triplet state of suitable energy to be able to transfer this energy to the coordinated lanthanoid 
ion. At the same time, in order to obtain crystalline coordination polymers, the use of ligands 
with carboxylate groups and a rigid structure is required. 
Novel 3D Ln MOFs are reported in Chapter 2. The europium-doped terbium compound 
Tb0.95Eu0.05HL was demonstrated to be a good candidate for application as a ratiometric 
thermometer that is sensitive in a wide temperature range. The non-invasive nature of such 
ratiometric thermometers make them useful for small area temperature sensing, as in cell 
temperature sensing. The development of such ratiometric thermometers has been reported in 
a number of papers, but more research must be carried out in order to improve the 
performance and stability of such thermometers.3 For this application, the development of 
nano-sized dual-emission Ln MOFs is necessary. In addition, the channels along the c axis in 
the crystal structure may be used for small molecule sensing; upon entering of analyte 
molecules the luminescent quantum yield may change due to vibrational energy quenching. 
2D layer Ln CPs were described in Chapter 3; temperature-dependent emission spectra 
showed the intensity ratio of ligand-centered phosphorescence and Tb-centered luminescent 
emission at 544 nm to have an excellent linear relationship with temperature in the 
temperature range of 90-280 K. Such 2D two-dimensional CPs are interesting for the 
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preparation of nano-sized 2D crystals of CPs, which can potentially be used as nano-sized 
ratiometric luminescence thermometers.   
MOFs materials have been shown to be good candidates for sensing, separation of small 
molecules as well as for proton conduction. The performance of the bulk materials can be 
further improved by using thin films of such materials. As shown in Chapter 4, the films of 
lanthanoid-based MOFs can be easily grown on lanthanoid oxide substrate (Gd2O3) using 
hydrothermal methods. The Ln sites on the surface of Ln oxides can improve the homo-
nucleation process in the growth of the MOF at the surface. Potentially, this hydrothermal 
method can be applied for the development of films of other Ln MOFs. Although the 
formation of films of transition metal-based MOFs has been reported in several papers, less 
research has been done on lanthanoid-based films. Our study may boost the research on 
lanthanoid-based films. Further research may focus on synthesis of new MOF films on 
lanthanoid oxide substrate (Gd2O3) and investigate their luminescence applications, like 
thermometers and as luminescent barcodes. 
A novel type of lanthanoid coordination polymer using a dendritic, multidentate ligand is 
reported in Chapter 5. Interesting coordination modes of the ligand were observed in the 
crystal structure of its terbium compound. The ligand is demonstrated to be able to sensitize 
the emission of SmIII, EuIII, TbIII and DyIII ions. In the mixed Tb/Eu compound, energy 
transfer from the TbIII ion to the EuIII emitting center takes place. Further study on 
luminescence thermometer maybe applied. Usually coordination polymers of carboxylate 
ligands are prepared in basic or neutral conditions; however, remarkably the Ln CPs reported 
in Chapter 5 were prepared in acidic conditions at pH 1 (in presence of HCl). Thus, for the 
synthesis of other coordination polymers it might be worthwhile to investigate the use of 
acidic conditions, as this may help the crystallization process.    
Reports on luminescent complexes comprising silylated ligands are rather scarce, most likely 
due to the instability of the siloxy group and the challenging ligand synthesis. The silylated 
ligand described in Chapter 6 is a promising ligand for other applications. Five potential 
donor atoms are available for coordination to metal ions, the ligand may be deprotonated to 
provide a negatively charged ligand and the siloxy groups in the ligand allow for grafting onto 
a variety of substrates. A study of the luminescent properties of the film obtained with this 
ligand in combination with [Eu(dbm)3(H2O)2] demonstrated that the ligand was successfully 
coordinated to the EuIII emitting centers. However, we also noticed that the silylated ligand 
itself cannot sensitize EuIII and TbIII ions efficiently. Further research may be focused on 
further modification of the ligand. The performance of the film reported in Chapter 6, as well 
as new films that will be developed inspired by our finding as solar energy concentrators may 
also investigated.  
Unlike some of the transition metal CPs that are unstable in water, moisture and acidic 
condition, all of the Ln CPs reported in this thesis are prepared and stable in presence of water 
83 
in acidic condition (pH = 1~3). This is a significant advantage for catalysis and separations 
applications.    
7.3 References 
1. X. Liu, S. Akerboom, S. H. C. Askes, I. Mutikainen and E. Bouwman, Inorg. Chem. 
Commun., 2015, 61, 60-63. 
2. Y. J. Cui, F. L. Zhu, B. L. Chen and G. D. Qian, Chem. Commun., 2015, 51, 7420-
7431. 
3. Y. J. Cui, R. J. Song, J. C. Yu, M. Liu, Z. Q. Wang, C. D. Wu, Y. Yang, Z. Y. Wang, 
B. L. Chen and G. D. Qian, Adv. Mater., 2015, 27, 1420-1425. 
4. R. F. D'Vries, S. Alvarez-Garcia, N. Snejko, L. E. Bausa, E. Gutierrez-Puebla, A. de 
Andres and M. A. Monge, J. Mater. Chem. C, 2013, 1, 6316-6324. 
5. O. Shekhah, J. Liu, R. A. Fischer and C. Woll, Chem. Soc. Rev., 2011, 40, 1081-1106. 
6. J. M. Zhou, W. Shi, N. Xu and P. Cheng, Inorg. Chem., 2013, 52, 8082-8090. 
7. K. Binnemans, Chem. Rev., 2009, 109, 4283-4374. 
8. V. T. Freitas, L. Fu, A. M. Cojocariu, X. Cattoën, J. R. Bartlett, R. Le Parc, J.-L. 
Bantignies, M. Wong Chi Man, P. S. André, R. A. S. Ferreira and L. D. Carlos, ACS 






 Appendix I 
Zinc and cadmium halide compounds with the tridentate ligand 
2-(methylsulfanyl)-N-(pyridin-2-ylmethylidene)aniline showing yellow 
luminescence. 
 
Five mononuclear complexes, i.e. ZnLCl2 (1), [ZnLBr2](CH3CN) (2), ZnLBr2 (3), CdLCl2 (4), 
and CdLBr2 (5), with L = 2-(methylsulfanyl)-N-(pyridin-2-ylmethylidene)aniline, have been 
synthesized and characterized. For [ZnLBr2](CH3CN) only a few crystals were obtained from 
the main batch of ZnLBr2.Their crystal structures and solid-state luminescence properties 
both at room temperature and 77 K have been investigated. All compounds contain 5-
coordinated Zn(II) or Cd(II) ions in a square-pyramidal geometry, distorted towards trigonal 
bipyramidal. The phase purity of all compounds has been evaluated by Powder XRD and IR. 
All five compounds show photoluminescent properties both at room temperature and 77 K. In 
the solid state, the compounds exhibit yellow luminescence with the maximum of emission at 
around 540 nm. By cooling down to 77 K, the shape and position of the emission spectra of 
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Luminescent materials based on transition metals and lanthanoids have found wide 
applications in lighting,1-3 luminescence sensing,4-6 and optical devices.7 Among them, d10 
metal complexes comprising zinc(II) and cadmium(II) with a variety of ligands have drawn 
extensive attention in the past decades due to their attractive luminescence properties.8-10 
Schiff bases have been widely employed in coordination chemistry due to their easy 
accessibility and structural varieties.11 Transition metal Schiff-base complexes show great 
importance in catalysis,12 photochemistry,13 biochemistry,14 and materials science.15  
Selected zinc(II) and cadmium(II) Schiff-base complexes with excellent luminescence 
properties have been reported in the literature.16, 17 In this work, we have synthesized a series 
of mononuclear zinc(II) and cadmium(II) coordination compounds using the tridentate 
NNS-donor Schiff-base ligand 2-(methylsulfanyl)-N-(pyridin-2-ylmethylidene)aniline 
(abbreviated as L). The characterization and structure determination of the compounds have 
been performed through NMR, IR, elemental analysis, X-ray crystallography and Powder 
XRD. The photophysical properties have been studied by solid-state absorption spectra and 
further by solid-state excitation and emission spectra. During the writing phase of the paper it 
was found that the zinc bromide compound was studied in 1972, but only its crystal structure 
was reported.18 This structure appears to be isomorphous with our compound, ZnLBr2, but 
determined at room T, albeit with a higher R value. 
AI.2 Experimental 
AI.2.1 Materials and general methods 
2-(Methylthio)aniline and pyridine-2-carboxaldehyde were purchased from Sigma-Aldrich. 
Pyridine-2-carboxaldehyde was distilled before use; the other chemicals and solvents were 
used without further purification. 1H and 13C NMR spectra were recorded on a Bruker 
DPX300 spectrometer. Elemental analysis for C, H, N was performed at the Microanalytical 
laboratory Kolbe in Germany. FT-IR spectra were recorded on a Perkin-Elmer Paragon 1000 
FTIR spectrophotometer equipped with a Golden Gate ATR device. X-ray powder diffraction 
patterns were obtained on a Philips PW 1050 diffractometer using Cu Kα radiation (λ = 1.542 
Å). The room-temperature excitation and emission spectra were measured on a Shimadzu RF-
5301PC spectrofluoriphotometer. Solid-state absorption spectra were recorded with the 
Avantes absorbance setup, using the Avantes AvaSpec-2048UA CCD spectrometer as 
detector, and the AvaLight-DH-S Deuterium-Halogen light source. The low-temperature 
emission spectra (77 K) were measured using a homemade sample holder with an irradiance 
calibrated CCD spectrometer (Avantes AvaSpec-2048UA) as a detector. A 1000 W xenon 
lamp (LOT) and a Spex monochromator were used as the excitation source. 
Photoluminescence quantum yields were measured using the absolute method.19 An 
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integrating sphere (Avantes AvaSphere 30REFL) and an CCD spectrometer (Avantes 
AvaSpec-2048UA) was used. 
AI.2.2 Ligand synthesis 
The ligand 2-(methylsulfanyl)-N-(pyridin-2-ylmethylidene)aniline (L) was synthesized 
following a literature procedure.20 A solution of 2-(methylthio)aniline (0.64 g, 4.6 mmol) and 
fresh distilled pyridine-2-carboxaldehyde (0.50 g, 4.6 mmol) in toluene (50 mL) was refluxed 
for 24 h. The reaction mixture was then filtered and the solvent was evaporated under reduced 
pressure. The crude product was recrystallized from toluene/hexane. Yellow crystals of pure 
ligand were obtained. Yield: 0.83 g (75%). 1H NMR (300 MHz, CDCl3): δ = 8.67 (d, 1H), 
8.57 (s, 1H), 8.33(d,1H), 7.80 (t, 1H), 7.36 (t, 1H), 7.27 (m, 3H), 7.06 (d, 1H), 2.47 (s, 3H) 
ppm. 13C NMR (75 MHz, CDCl3): δ = 160.3, 154.7, 149.6, 147.9, 136.7, 134.8, 127.33, 125.3, 
125.2, 124.6, 122.0, 117.5, 14.86 ppm. IR (v): 1620 (m), 1469 (s), 1433 (s), 1346 (w), 1266 
(w), 1194 (w), 1068 (w), 1040 (w), 992 (m), 879 (s), 778 (vs), 749 (vs), 739 (vs), 726 (vs), 
691 (s), 648 (m), 613 (s), 549 (s), 481 (vs) cm–1.  
AI.2.3 General procedure for synthesis of the compounds ZnLCl2 (1), ZnLBr2  (2) + (3), 
CdLCl2 (4), and CdLBr2 (5). 
The ligand L (0.22 g, 1 mmol) was dissolved in 10 mL MeOH. To this solution, the metal salt 
(1 mmol; ZnCl2, ZnBr2, CdCl2 and CdBr2, respectively) in MeOH (10 mL) was added 
dropwise; the mixture was then stirred at 80 °C for 2 h. The precipitate was filtered and 
washed with hot MeOH three times, then dried in air. The yellow compounds were finally 
recrystallized from acetonitrile. ZnLCl2 (1), yield: 0.25 g (70%); ZnLBr2 (2+3), yield: 0.25 g 
(54%); CdLCl2 (4), yield: 0.24 g (58%); CdLBr2 (5), yield: 0.27 mg (54%).  
ZnLCl2 (1) 
1H NMR (300 MHz, DMSO): δ = 8.76 (d, J = 4.7 Hz, 1H), 8.57 (s, 1H), 8.18 (d, J = 7.9 Hz, 
1H), 8.02 (t, J = 7.7 Hz, 1H), 7.59 (m, 1H), 7.30 (m, 2H), 7.24 (m, 2H), 2.44 (s, 3H) ppm. 13C 
NMR (75 MHz, DMSO): δ = 160.7, 150.3, 137.8, 128.0, 126.5, 125.6, 124.9, 122.1, 118.1, 
14.3 ppm. Elemental analysis found (calc) for C13H12Cl2N2SZn: C, 42.92 (42.83); H, 3.31 
(3.32); N, 7.83 (7.68); S, 8.66 (8.79). IR (v): 1627 (w), 1596 (s), 1563 (w), 1479 (w), 1441 (s), 
1368 (m), 1298 (s), 1235 (m), 1203 (m), 1100 (m), 1044 (m), 1020 (s), 978 (s), 952 (m), 911 
(m), 778 (vs), 744 (vs), 642 (s), 565 (s), 495 (s), 469 (s) cm–1. 
ZnLBr2 (2+3) 
1H NMR (300 MHz, DMSO): δ = 8.76 (d, J = 4.8 Hz, 1H), 8.56 (s, 1H), 8.19 (d, J = 8.5 Hz, 
1H), 8.02 (t, J = 7.7 Hz, 1H), 7.59 (m, 1H), 7.31 (m, 2H), 7.24 (m, 2H), 2.45 (s, 3H) ppm. 13C 
NMR (75 MHz, DMSO): δ = 160.7, 150.3, 137.8, 127.9, 126.4, 125.6, 124.8, 122.0, 118.1, 
14.3 ppm. Elemental analysis found (calc) for C13H12Br2N2SZn: C, 34.91 (34.43); H, 2.79 
(2.67); N, 6.30 (6.18); S, 6.84 (7.07). IR (v): 1618 (w), 1588 (s), 1559 (w), 1474 (m), 1428 (s), 
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1369 (s), 1301 (s), 1238 (m), 1198 (m), 1150 (m), 1094 (m), 1044 (m), 1016 (s), 980 (s), 912 
(m), 796 (vs), 767 (s), 761 (s), 744 (vs), 722 (s), 640 (s), 575 (s), 497 (s), 465 (w) cm–1. After 
recrystallization from MeCN the sample showed visually distinguishable two kinds of crystals 
(in an approximate ratio of 1:5); two different crystals (i.e. 2 and 3) were used for single-
crystal XRD studies. 
CdLCl2 (4) 
1H NMR (300 MHz, DMSO): δ = 8.76 (d, J = 3.9 Hz, 1H), 8.60 (s, 1H), 8.18 (d, J = 7.8 Hz, 
1H), 8.04 (t, J = 7.7 Hz, 1H), 7.68 (m, 1H), 7.32 (m, 2H), 7.25 (m, 2H), 2.44 (s, 3H) ppm. 13C 
NMR (75 MHz, DMSO): δ = 160.8, 150.3, 138.0, 128.0, 126.6, 125.7, 125.1, 122.7, 118.4, 
14.5 ppm. Elemental analysis found (calc) for C13H12Cl2N2SCd: C, 38.40 (37.93); H, 2.91 
(2.94); N, 6.94 (6.81); S, 7.26 (7.79). IR (v): 1624 (w), 1590 (s), 1563 (w), 1479 (w), 1438 (s), 
1372 (m), 1304 (s), 1236 (m), 1199 (m), 1101 (m), 1014 (s), 979 (s), 965 (m), 910 (m), 776 
(vs), 761 (vs), 741 (vs), 637 (s), 572 (s), 498 (s), 465 (s) cm–1. 
CdLBr2 (5) 
1H NMR (300 MHz, DMSO): δ = 8.76 (d, J = 4.7 Hz, 1H), 8.59 (s, 1H), 8.19 (d, J = 7.9 Hz, 
1H), 8.05 (t, J = 7.6 Hz, 1H), 7.60 (m, 1H), 7.32 (m, 2H), 7.26 (m, 2H), 2.45 (s, 3H) ppm. 13C 
NMR (75 MHz, DMSO): δ = 160.8, 150.3, 138.0, 128.0, 126.7, 125.7, 125.1, 122.7, 118.4, 
14.5 ppm. Elemental analysis found (calc) for C13H12Br2N2SCd: C, 31.56 (31.20); H, 2.26 
(2.42); N, 5.68 (5.60); S, 6.18 (6.41). IR (v): 1628 (w), 1590 (s), 1567 (w), 1475 (m), 1435 
(m), 1373 (s), 1304 (m), 1232 (m), 1198 (m), 1097 (m), 1044 (m), 1011 (m), 984 (s), 903 (s), 
780 (vs), 758 (vs), 743 (s), 637 (s), 571 (s), 492 (s), 460 (m) cm–1. 
AI.2.4 Single Crystal Structure Determinations 
A single crystal of compound 1 was mounted at the diffractometer and measured both at room 
temperature (300 K) and at 123 K by using a Nonius Kappa CCDC area detector 
diffractometer. A graphite monochromated MoKα radiation source (λ = 0.71073 Å) was 
employed. Standard programs like SIR-92,21 SHELXS–97 and SHELXL-9722 were used for 
data structure solution and structure refinement. The structure was solved by direct methods 
using and refined with a full-matrix least-squares procedure based on F2 using. All of the non-
hydrogen atoms were refined anisotropically. All other C-H hydrogen atoms (except C7-H7A) 
were included in the model at geometrically calculated positions and refined using a riding 
model. The hydrogen atom bonded to C7 was visible in the last stages of refinement and was 
refined freely (distance C7-H7A = 0.93(2) Å). See Table AI.1 for more details. 
Crystals of 2, 3 and 4 were selected for the X-ray measurements and mounted to nylon loop 
using the oil-drop method23 and data were collected using Bruker Kappa APEXII 
diffractometer (Mo-Kα radiation, λ = 0.71073 Å) at 123 K. A crystal of 5 was mounted on a 
MitGen loop in oil and data collected on Bruker APEX2 CCD diffractometer at beamline 
11.3.1 of the Advanced Light Source (Synchrotron radiation, λ = 0.7749 Å) at 100 K. A total 
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of 658 frames for CdLCl2, 1159 frames for [ZnLBr2](CH3CN), 718 frames for ZnLBr2 and 
2880 frames for CdLBr2 were collected. The frames were integrated with the Bruker SAINT 
software package24 using a narrow-frame algorithm and their intensities were corrected for 
Lorentz and polarization effects. An absorption correction was applied using the Multi-Scan 
method (SADABS).24 The programs SHELXS2014,22 SHELXL201425 were used for structure 
solution and structure refinement. The non-hydrogen atoms were refined anisotropically. The 
H atoms were situated at calculated positions and refined isotropically riding with the heavy 
atom connected. More details are in Table AI.1 and Table AI.2. 
AI.3 Results and discussion 
AI.3.1 Synthesis and characterization 
The compounds ZnLCl2, CdLCl2 and CdLBr2 crystallized without any solvents and in good 
phase purity, as discussed in the section Powder XRD and IR. The crystal structure of the 
compound ZnLBr2 has been reported previously.
18 In our synthesis of ZnLBr2, two different 
crystals were found and isolated from the same batch that were impossible to obtain as 
separate batches. Very interestingly, it appeared that one type of crystals crystallized with an 
acetonitrile molecule, namely [ZnLBr2](CH3CN), the other one without any solvent, namely 
ZnLBr2. The elemental analysis of the bulk sample of ZnLBr2 is not fully in agreement with 
the calculated values for the solvent-free complex. The slight deviation can be fitted with 
partial inclusion of acetonitrile, suggesting that [ZnLBr2](CH3CN) is present for only about 
15% molar fraction in the powdered sample. However, the amount of [ZnLBr2](CH3CN) 
present in the crystalline material may have been higher, as the powder was vacuum dried 
before the elemental analysis was performed. 
AI.3.2 Crystal structure descriptions 
ZnLCl2 (1), ZnLBr2 (2+3), CdLCl2 (4) and CdLBr2 (5) all appeared to have the same 
molecular structure, and some of them are even isostructural with the same space group (see 
Table AI.1 and Table AI.2).26 For this paper only the structure of ZnLCl2 (1) at 123 K is 
discussed in detail, as an example (see Figure AI.1a); the low-T and room-T structures differ 
only marginally due to lattice contraction. The asymmetric unit contains only one molecule of 
ZnCl2. The Zn(II) ion is five coordinated by two N atoms and one S atom from the ligand, and 
two Cl- anions, with Zn-N distances of 2.135(1) and 2.119(2) Å, a Zn-S distance of 2.698(1) 
Å, and Zn-Cl distances of 2.220(1) and 2.250(1) Å. The ligand is bound in a meridional 
fashion and the halide ions occupy the remaining equatorial and the apical position of a square 
pyramid. The found bond lengths and angles can be considered as normal 18, 27, 28. The 
coordinated sphere of Zn(II) is best described as slightly distorted from square pyramidal 
towards trigonal bipyramidal, with τ (tau) values29 varying from 0.13-0.26 (see Table AI.3). 
One Cl- anion is relatively close to a hydrogen from a C ring atom, i.e. (C(7)-H(7A)--Cl(2) 
with contact distance: 3.542(2) Å and the C(7)-H(7A)--Cl(2) angle of 159o(1)). The structure 
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is further stabilized by intermolecular π-π stacking interactions. The distance between 
adjacent aromatic rings are 3.8209(15) Å and 3.8166(13) Å (see Figure AI.2).  
Table AI.1. Crystallographic data collection and refinement of (1), (2) and  (3). 
Compound (1)Low T: 
ZnLCl2 





CCDC 1445927 1446902 1443691 1446921 
Chemical formula C13H12Cl2N2SZn C13H12Cl2N2SZn C15H15Br2N3SZn C13H12Br2N2SZn 
Formula mass 364.59 364.59 494.50 453.50 
Temperature (K) 173(2) 293(2) 123(2) 123(2) 
Crystal system monoclinic monoclinic monoclinic triclinic 
Space group P21/c P21/c P21/n P-1 
a/Ǻ 8.1510(10) 8.2405(2) 8.1053(4) 8.0102(4) 
b/Ǻ 27.268(3) 27.6821(6) 24.6650(12) 9.3086(5) 
c/Ǻ 6.9880(10) 7.09100(10) 9.0573(4) 10.9516(6) 
α/◦ 90 90 90 76.836(2) 
β/◦ 113.640(10) 114.2888(1) 101.970(10) 72.701(2) 
γ/◦ 90 90 90 76.094(2) 
V(Ǻ3) 1422.8(3) 1474.38(5) 1771.34(15) 745.97(7) 
Z 4 4 4 2 
Radiation type MoKα MoKα MoKα MoKα 
Density (calculated g/cm-3) 1.702 1.642 1.854 2.019 
Absorption coefficient (mm-1) 2.233 2.155 6.014 7.129 
F (000) 736 736 968 440 
Crystal size (mm3) 0.30×0.30×0.15 0.2x0.08x0.08 0.40×0.35×0.35 0.30×0.12×0.12 
Goodness of fit on F2 1.110 1.049 1.151 1.109 
R1, wR2 [I>2σ(I)] 0.0272, 0.0562 0.0273,0.0625 0.0200, 0.0441 0.0189, 0.0440 
R1, wR2 (all data) 0.0311, 0.0576 0.0446, 0.0678 0.0237, 0.0451 0.0230, 0.0452 
 
Table AI.2. Crystallographic data collection and refinement of (4) CdLBr2 (5). 
Compound (4) CdLCl2 (5) CdLBr2 
CCDC 1443712 1445920 
Chemical formula C13H12Cl2N2SCd C13H12Br2N2SCd 
Formula mass 411.61 500.53 
Temperature (K) 123(2) 100(2) 
Crystal system triclinic triclinic 
Space group P-1 P-1 
a/Ǻ 7.5791(3) 7.6731(4) 
b/Ǻ 8.6549(4) 8.9064(4) 
c/Ǻ 11.3533(5) 11.5492(6) 
α/◦ 84.1060(10) 84.129(2) 
β/◦ 81.7830(10) 80.050(2) 
γ/◦ 82.8210(10) 81.189(2) 
V(Ǻ3) 728.58(5) 765.89(7) 
Z 2 2 
Radiation type MoKα Synchrotron; 0.77490 Ȧ 
Density (calculated g/cm-3) 1.876 2.170 
Absorption coefficient (mm-1) 1.994 8.364 
F (000) 404 476 
Crystal size (mm3) 0.30×0.28×0.08 0.06 × 0.04 × 0.03 
Goodness of fit on F2 1.117 1.041 
R1, wR2 [I>2σ(I)] 0.0161, 0.0404 0.0258, 0.0630 




Figure AI.1. The molecular structures (asymmetric unit of the crystal structures) and used atomic 
labelling of a) ZnLCl2 (1) and b) [ZnLBr2](CH3CN) (2).  
 
Figure AI.2. View of the π-stacking interactions in ZnLCl2 (1). Distances given are between ring 
centers. 
 
Figure AI.3. View of the π-stacking interactions in [ZnLBr2](CH3CN) (2). Distance given is between 
the ring centers. The acetonitrile has been left out. 
The asymmetric unit of [ZnLBr2](CH3CN) (2) contains one molecule of the complex and one 
lattice solvent molecule (Figure AI.1b). The Zn(II) ion in this case is also five-coordinated by 
two N atoms and one S atom from the ligand and two Br- ions, in a geometry that is very 
similar to that of the unsolvated molecule. The five-coordinate geometry is defined by a τ 
value of 0.26. The π-π stacking interactions between adjacent aromatic rings have a centroid 
to centroid distance of 3.8595(10) Å (see Figure AI.3). No significant hydrogen bonds can be 
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found in the structure. The acetonitrile molecule just fills an empty space in the lattice. In 
CdLCl2 (4) and CdLBr2 (5) the distortion from square pyramidal towards trigonal bipyramidal 
is larger than that in the case of the Zn(II) complexes, as seen from the τ values, which are 
0.36 and 0.37, respectively. These changes are ascribed to the larger ionic radius of Cd(II). 
Relevant bond lengths, angles and τ values are also given in Table AI.3. In all structures the 
methyl substituent at sulfur points in opposite direction of the apical halide. 
AI.3.3 Powder XRD and IR spectroscopy   
The crystallographic phase purity of all compounds has been checked by powder XRD and IR 
spectra. The ZnLCl2 (1), CdLCl2 (4) and CdLBr2 (5) samples show high purity and the 
experimental Powder XRD patterns are highly similar to the simulated X-ray diffraction 
patterns calculated from the single crystal structures (Figure AI.4a, c, d). In agreement with 
the observation that the compound ZnLBr2 (2+3) contains two types of crystals, the 
experimental pattern contains all the main peaks from the two simulated patterns (Figure 
AI.4b). The experimental powder XRD pattern shows that in the bulk material the ratio 
between the unsolvated ZnLBr2 and the solvated compound [ZnLBr2](CH3CN) is difficult to 
determine. The IR spectra of all compounds are highly similar, which further supports that all 
the compounds are isostructural and that ZnLBr2 (3) is the main phase in ZnLBr2 (2+3) 
sample (Figure AI.5).  
Table AI.3. Selected bond lengths (Å) and bond angles (o) of ZnLCl2 (1), [ZnLBr2](CH3CN) (2), 
ZnLBr2 (3), CdLCl2 (4) and CdLBr2 (5). 
Distances  
and angles 
1: Low T 
ZnLCl2 





3: Low TR 
ZnLBr2 
Lit: Room 
T ZnLBr2  
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4: CdLCl2 5: CdLBr2 
M-N1 2.1191(14) 2.1330(16) 2.132(2) 2.149(2) 2.1496 2.355(1) 2.351(2) 
M-N8 2.1354(14) 2.1389(16) 2.143(2) 2.143(2) 2.1215 2.345(1) 2.3431(19) 
M-S15 2.6975(6) 2.7406(6) 2.639(1) 2.6318(5) 2.6444 2.7355(3) 2.7269(7) 
M-Cl1/Br1 2.2196(7) 2.2324(8) 2.3745(3) 2.3759(3) 2.3669 2.4509(4) 2.5686(3) 
M-Cl2/Br2 2.2504(7) 2.2550(6) 2.4233(3) 2.4157(3) 2.3990 2.4611(4) 2.5829(3) 
Cl1/Br1-M-
Cl2/Br2 
112.29(2) 113.01(3) 114.98(1) 116.49(1) 117.41 106.03(1) 107.53(1) 
Cl1/Br1-M-S15 107.29(2) 107.37(2) 97.51(1) 97.75(1) 95.77 104.27(1) 102.04(2) 
Cl1/Br1-M-N1 111.58(5) 111.75(5) 106.54(4) 107.80(4) 108.40 98.01(3) 98.36(5) 
Cl1/Br1-M-N8 103.60(5) 103.46(5) 111.18(4) 110.15(4) 108.40 153.54(1) 152.63(5) 
Cl2/Br2-M-S15 87.49(2) 87.33(2) 92.18(2) 91.87(1) 91.23 100.23(1) 100.02(1) 
Cl2/Br2-M-N1 97.51(5) 97.45(5) 94.79(4) 95.46(4) 95.54 113.83(3) 115.80(6) 
Cl2/Br2-M-N8 143.02(5) 142.32(5) 133.50(4) 132.76(4) 132.62 100.43(3) 99.74(5) 
S15-M-N1 135.19(4) 134.71(5) 149.16(4) 148.80(4) 148.12 131.86(3) 130.63(6) 
S15-M-N8 73.29(4) 72.64(4) 76.42(4) 76.09(4) 76.19 70.17(3) 70.33(6) 
N1-M-N8 76.64(5) 76.83(6) 77.04(6) 76.72(6) 76.36 71.00(4) 71.02(7) 
τ value 29 0.131 0.127 0.26 0.25 0.26 0.36 0.37 
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Figure AI.4. Experimental powder XRD patterns and simulated patterns from single-crystal structures. 
a) ZnLCl2 (1). b) ZnLBr2 (2+3). c) CdLCl2 (4). d) CdLBr2 (5).  
 
Figure AI.5. IR spectra of the free  ligand and the compounds  ZnLCl2 (1), ZnLBr2 (2+3), CdLCl2 (4) 
and CdLBr2 (5). 
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AI.3.4 Photophysical properties. 
 
Figure AI.6. The solid-state diffuse reflectance spectra of the free ligand, ZnLCl2 (1), ZnLBr2 (2+3), 
CdLCl2 (4) and CdLBr2 (5). 
The solid-state absorption spectra of the ligand and four complexes are shown in Figure AI.6. 
The ligand exhibits a strong broad absorption band from 250 nm to 450 nm. The ZnLCl2 (1), 
ZnLBr2 (2+3) and CdLCl2 (4) absorption bands are slightly narrower than that of the ligand in 
the blue region, while the absorption spectrum of CdLBr2 (5) is similar to that of the ligand.  
Room temperature excitation and emission spectra of ZnLCl2 (1), ZnLBr2 (2+3), CdLCl2 (4) 
and CdLBr2 (5) were recorded in the solid state, and are depicted in Figure AI.7. The 
compounds ZnLCl2 (1) and CdLC2 (4) show a relatively intense yellow color emission, while 
ZnLBr2 (2+3), CdLBr2 (5) exhibit a medium intense yellow color emission upon irradiation of 
400 nm. The emission spectra of all four compounds contain only one peak with a maximum 
at around 540 nm (535 nm for the chloride compounds, 545 nm for the bromide compounds), 
which is assigned to the ligand π-π* transition.30-35 For ZnLCl2 (1), CdLCl2 (4) and CdLBr2 (5), 
although the excitation spectra contain two peaks, varying the excitation wavelength did not 
make any influence of the shape and position of emission spectra. The room temperature 
quantum yields of ZnLCl2 (1) and CdLC2 (4) are 8% and 22%, respectively. The quantum 
yield of ZnLBr2 (2+3) and CdLBr2 (5) cannot be determined by our setup and is estimated to 




Figure AI.7. Room temperature excitation (left) and emission (right) spectra of a) ZnLCl2 (1); b) 
ZnLBr2 (2+3); c) CdLCl2 (4); d) CdLBr2 (5). 
The emission spectra of all four compounds have also been recorded at 77 K (see Figure AI.8). 
The emission color changes at 290 K and 77 K have been calculated and the CIE coordinates 
are listed in Table AI.4; although the coordinates at different temperatures are significantly 
different, the color of emission remains largely the same. The emission spectra of all samples 
at 77 K are almost identical to their room temperature emission spectra. Interestingly, only the 
emission of the compound CdLBr2 seems to shift to a slightly more red color at lower 
temperatures. 
Table AI.4. The CIE (Commission International d’Elairage) coordinates of ZnLCl2 (1), ZnLBr2 (2+3), 
CdLCl2 (4) and CdLBr2 (5) at 290 K and 77K. 
Compound Temperature (K) X Y 
ZnCl2(1) 290 0.3603 0.4140 
77 0.3789 0.4732 
ZnBr2(2+3) 290 0.3798 0.4203 
77 0.4436 0.5207 
CdCl2(4) 290 0.3241 0.3812 
77 0.3177 0.3598 
CdBr2(5) 290 0.4117 0.4391 




Figure AI.8. The emission spectra at 77 K. a) ZnLCl2 (1). b) ZnLBr2 (2+3). c) CdLCl2 (4). d) CdLBr2 
(5).(λexc = 400 nm) 
AI.4 Conclusion 
In summary, a series of Zn(II) and Cd(II) halide complexes, all containing the 
2-(methylsulfanyl)-N-(pyridin-2-ylmethylidene)aniline ligand (L), have been successfully 
synthesized and characterized. The compounds ZnLCl2 (1), ZnLBr2 (2+3), CdLCl2 (4) and 
CdLBr2 (5) have the same molecular structure based on IR and X-ray diffraction data. For all 
compounds the structures were solved by single-crystal X-ray diffraction. The compound 
ZnLBr2 was obtained in pure form, ZnLBr2 (3), and as an acetonitrile solvate, namely 
[ZnLBr2](CH3CN) (2) and of which ZnLBr2 (3) appears to be the main component. All five 
compounds show a bright yellow luminescence emission. Temperature changes have 
negligible influence on the emission spectra. 
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Supplementary information on Chapter 2 
 
Table AII.1. Crystallographic data collection and refinement of TbHL and EuHL 
Compound TbHL EuHL 
Chemical formula C18H20Tb2O21.5 C18H20Eu2O21.5 
Formula mass 898.19 884.26 
Temperature (K) 173(2) 173(2) 
Crystal system Monoclinic Monoclinic 
Space group C 2/c C 2/c 
a/Ǻ 16.60520(10) 16.5700(10) 
b/Ǻ 16.0739(2) 16.2600(10) 
c/Ǻ 10.28190(10) 10.3520(10) 
α/◦ 90 90 
β/◦ 94.400(10) 94.670(10) 
γ/◦ 90 90 
V(Ǻ3) 2736.26 2779.86 
Z 4 4 
Density (calculated g/cm-3) 2.180 2.113 
Absorbance coefficient (mm-1) 5.221 4.564 
F (000) 1720 1704 
Rint 0.0532 0.0316 
Crystal size (mm3) 0.20×0.04×0.04 0.10×0.04×0.03 
Goodness of fit on F2 1.055 1.132 
R1, wR2 [I>2σ(I)] 0.0182, 0.0443 0.0170, 0.0458 






Table AII.2. bond lengths, bond angles and hydrogen bonds in TbHL and EuHL.  
Bond distances (Å) 
 TbHL EuHL 
Ln–O6 2.6443(18) 2.6499(18) 
Ln–O7 2.4639(18) 2.4959(19) 
Ln–O8 2.5341(12) 2.5646(11) 
Ln–O9 2.442(2) 2.471(2) 
Ln–O6#1 2.3491(18) 2.3810(18) 
Ln–O4#2 2.449(2) 2.469(2) 
Ln–O5#2 2.4574(18) 2.4885(19) 
Ln–O2#3 2.3628(19) 2.386(2) 
Ln–O3#4 2.2554(18) 2.2789(19) 
   
Ln–Ln 4.2117(2) 4.2426(3) 
 4.5321(3) 4.5743(5) 
Bond angles (Å) 
 TbHL EuHL  TbHL EuHL 
O(6)–Ln(1)–O(7) 50.61(6) 50.23(6) O(8)–Ln(1)–O(2) #3 75.76(6) 76.22(6) 
O(6) –Ln(1)–O(6) #1 65.12(6) 65.12(6) O(9)–Ln(1)–O(4) #2 71.47(7) 71.47(7) 
O(6)–Ln(1) –O(2) #3 128.43(6) 129.22(6) O(9)–Ln(1)–O(3) #4 93.97(7) 94.51(7) 
O(7) –Ln(1) –O(9) 144.13(7) 144.43(7) O(6)#1–Ln(1)–O(2) #3 76.02(6) 76.36(6) 
O(7)–Ln(1) –O(5) #2 81.56(6) 82.01(6) O(4)#2–Ln(1)–O(2) #3 128.62(7) 128.44(7) 
O(8) –Ln(1) –O(9) 142.47(6) 142.54(6) O(5)#2–Ln(1)–O(3) #4 128.38(6) 128.50(7) 
O(8)–Ln(1) –O(5) #2 135.40(7) 135.41(7) O(6)–Ln(1)–O(9) 138.65(7) 138.85(7) 
O(9)–Ln(1) –O(6) #1 87.47(7) 88.09(7) O(6)–Ln(1)–O(5) #2 68.95(6) 69.06(6) 
O(9)–Ln(1) –O(2) #3 66.77(7) 66.39(7) O(7)–Ln(1)–O(8) 71.35(5) 70.98(5) 
O(6)#1–Ln(1)–O(5)#2 79.12(6) 79.55(6) O(7)–Ln(1)–O(4) #2 72.68(6) 72.97(6) 
O(4)#2–Ln(1)–O(5) #2 53.18(6) 52.62(6) O(7)–Ln(1)–O(3) #4 78.24(6) 77.68(7) 
O(5)#2–Ln(1)–O(2) #3 135.74(6) 135.50(6) O(8) –Ln(1)–O(4) #2 139.90(5) 139.90(5) 
O(6)–Ln(1) –O(8) 66.46(6) 66.38(6) O(8)–Ln(1)–O(3) #4 80.38(6) 80.38(6) 
O(6)–Ln(1) –O(4) #2 102.67(6) 102.05(6) O(9)–Ln(1)–O(5) #2 76.16(7) 76.16(7) 
O(6)–Ln(1) –O(3) #4 124.95(6) 124.12(6) O(6)#1–Ln(1)–O(4) #2 130.78(6) 130.82(6) 
O(7)–Ln(1)– O(6) #1 115.62(6) 115.18(6) O(6)–Ln(1)–O(3) #4 151.99(6) 151.63(7) 
O(7)–Ln(1) –O(2) #3 142.44(6) 142.29(6) O(4 #2–Ln(1)–O(3) #4 75.49(6) 76.19(7) 
O(8)–Ln(1) –O(6) #1 81.56(5) 80.80(5) O(2)#3–Ln(1)–O(3) #4 78.88(7) 78.86(7) 
Hydrogen bond interactions 
 O(8)-H(8A)···O(5)#5 O(9)-H(9A)···O(1)#3 
 TbHL EuHL TbHL EuHL 
d(D-H) Å 0.75(6) 0.90(5) 0.90(2) 0.90(3) 
d(H···A) Å 2.00(7) 1.89(5) 1.95(3) 1.93(3) 
d(D···A) Å 2.718(3) 2.724(3) 2.808(3) 2.821(3) 
<(DHA) ° 162(7) 154(5) 159(4) 171(4) 
#1: -x,1-y,1-z         #2: x,1-y,-1/2+z        #3: -1/2+x,1/2+y,z         #4: 1/2-x,1/2+y,3/2-z        #5: 
-x,y,3/2-z       
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Table AII.3. The lifetime (τ), energy transfer probability (P) and energy transfer efficiency (η) 
of TbHL, Tb0.05Gd0.95HL, Eu0.05Gd0.95HL and TbxEu1-xHL (x = 0.95, 0.8, 0.6) at 290 K. 
Sample τ (Tb, 5D4) (ms) τ (Eu, 
5D0) (ms) P(s
-1) η 
TbHL 0.739 - - - 
Tb0.05Gd0.95HL 0.824 - - - 
Eu0.05Gd0.95HL - 0.445 - - 
Tb0.95Eu0.05HL 0.296 0.441 2.025×10
3 0.599 
Tb0.8Eu0.2HL 0.192 0.407 3.855×10
3 0.740 
Tb0.6Eu0.4HL 0.065 0.389 14.031×10
3 0.912 
 
Table AII.4. The temperature range and relative sensitivity (highest value) of ratiometric 
MOF thermometers reported recently. 
Materials  T (K) S (%K-1) Reference 
Tb 0.914 Eu 0.086 -PDA 10-325 5.96 1 
NP4-1.3 293-320 1.5 2 
Tb0.99Eu0.01(BDC)1.5(H2O)2 298-318 0.37 3 
Eu0.0069Tb0.9931-DMBDC 50-200 1.15 4 
Tb0.9Eu0.1PIA 100-300 3.27 5 
Eu0.2Tb0.8L 40-300 0.15 6 
ZJU-88⊃perylene 293-353 1.28 7 
Eu3+/Tb3+@1 283-333 4.46 8  
Ad/Tb0.999Eu0.001/BPDC 100-300 1.23 9 
[Tb0.99Eu0.01(hfa)3(dpbp)]n 200-450 - 10 
[Tb0.98Eu0.02(OA)0.5(DSTP)]·3H2O 75-275 6.53 11 
[Tb0.98Eu0.02(BDC)0.5(DSTP)]·2H2O 125-250 8.83 11 
Eu0.7Tb0.3(cam)(Himdc)2(H2O)2 100-450 0.11 12 
Eu0.05Tb0.09Gd0.86-DSB 20-65 2.37 13 
Tb0.95Eu0.05HL(this paper) 4-290 31 This work 
 
Table AII.5. The lifetime of TbIII emission in TbHL (τ0) and Tb0.95Eu0.05HL (τ), and the 
energy transfer probability (P) and energy transfer efficiency (η) in Tb0.95Eu0.05HL at different 
temperatures. 
Temperature (K) τ0 (ms) τ (ms) P (s
-1) η 
4 0.865 0.858 0.009×103 0.008 
30 0.754 0.383 1.285×103 0.492 
50 0.746 0.349 1.525×103 0.532 
90 0.738 0.324 1.731×103 0.561 
130 0.737 0.306 1.911×103 0.585 
170 0.739 0.299 1.991×103 0.595 
210 0.740 0.298 2.004×103 0.597 
250 0.740 0.292 2.073×103 0.605 




Figure AII.1. PXRD patterns of TbHL, EuHL, TbxEu1-xHL (x = 0.95, 0.8, 0.6, 0.4, 0.2) and 
the simulated pattern from single crystal structure of TbHL. 
 
 
Figure AII.2. PXRD patterns of Gd0.95Tb0.05HL, Gd0.95Eu0.05HL, Gd0.9Eu0.05Tb0.05HL, 




Figure AII.3. FTIR spectra of  TbHL, EuHL and TbxEu1-xHL (x = 0.95, 0.8, 0.6, 0.4, 0.2).  
 
 
Figure AII.4. FTIR spectra of Gd0.95Tb0.05HL, Gd0.95Eu0.05HL, Gd0.9Tb0.05Eu0.05HL and 




Figure AII.5. Picture of the TbHL crystals. The scale bar is 0.4 mm. 
 
 
Figure AII.6. Coordination environment of Ln in LnHL (Ln = Tb, Eu). 





Figure AII.7. Excitation and emission spectra of Gd0.95Eu0.05 HL. 
 
 




Figure AII.9. Excitation and emission spectra of Tb0.95Eu0.05HL at 4 K. 
 
 
Figure AII.10. The luminescence decay curves of 5D0→
7F2 (Eu
III at 615 nm) transition in 




Figure AII.11. The luminescence decay curves of 5D4→
7F5 (Tb
III at 540 nm) transition in 
Gd0.95Tb0.05HL, TbHL and TbxEu1-xHL (x = 0.95, 0.8, 0.6) (ex = 355 nm). 
 
 















Figure AII.15. The temperature dependent lifetime of 5D0→
7F2 (circles, Eu
III at 615 nm) and 
5D4→
7F5 (squares, Tb
III at 540 nm) transition in Tb0.95Eu0.05HL (ex = 355 nm). 
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Table AIII.1. Crystallographic data collection and refinement of LaHL. 
 LaHL 
Crystal data 
Chemical formula C9H7LaO9·H2O 
Mr 416.07 
Crystal system, space 
group 
Triclinic, P-1 
Temperature (K) 110 
a, b, c (Å) 6.6659 (3), 9.2749 (3), 9.8026 (4) 
, ,   (°) 95.789 (3), 105.337 (3), 96.170 (3) 
V (Å3) 575.77 (4) 
Z 2 
Radiation type Mo K 
 (mm-1) 3.76 
Crystal size (mm) 0.15 × 0.10 × 0.07 
 
Data collection 
Diffractometer SuperNova, Dual, Cu at zero, Atlas 
Absorption correction Analytical  
CrysAlis PRO, Agilent Technologies, Version 1.171.36.32 (release 02-08-2013 
CrysAlis171 .NET) (compiled Aug  2 2013,16:46:58) Analytical numeric 
absorption correction using a multifaceted crystal model based on expressions 
derived by R.C. Clark & J.S. Reid.1  
 Tmin, Tmax 0.610, 0.822 
No. of measured, 
independent and 
 observed [I > 2s(I)] 
reflections 
9108, 2648, 2535   
Rint 0.027 
(sin /)max (Å-1) 0.650 
 
Refinement 
R[F2 > 2s(F2)], wR(F2), S 0.018,  0.042,  1.08 
No. of reflections 2648 
No. of parameters 210 
No. of restraints 12 
H-atom treatment H atoms treated by a mixture of independent and constrained refinement 
 ρ max,  ρ min (e Å-3) 0.62, -0.48 
Computer programs: CrysAlis PRO, Agilent Technologies, Version 1.171.36.32 (release 02-08-2013 
CrysAlis171 .NET) (compiled Aug  2 2013, 16:46:58), SHELXS2013 (Sheldrick, 2013), SHELXL2013 
(Sheldrick, 2013), SHELXTL v6.10 (Sheldrick, 2008). 
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Table AIII.2. Selected bond lengths, bond angles and hydrogen bonds in LaHL. 
Bond distances (Å) 
La1-O(1W) 2.6108(19) La1-O(2W) 2.534(5) 
La1-O(2W’) 2.550(5) La1-O(5) 2.5563(16) 
La1-O(7) 2.5277(17) La1-O(6)#1 2.4346(17) 
La1-O(2)#2 2.5344(16) La1-O(3)#3 2.4920(16) 
La1-O(4)#4 2.7113(17) La1-O(5)#4 2.5632(16) 
Bond angles (Å) 
O(1W)–La1–O(5) 111.05(6) O(1W)–La1–O(7) 68.40(6) 
O(1W)–La1–O(2W) 69.49(14) O(1W)–La1–O(6)#1 73.03(6) 
O(1W)–La1–O(2)#2 136.78(6) O(1W)–La1–O(3)#3 74.91(7)   
O(1W)–La1–O(4)#4   136.39(6) O(1W)–La1–O(5)#4 146.93(6) 
O(2W)–La1–O(6)#1 76.27(13) O(2W)–La1–O(2)#2 85.50(13) 
O(2W)–La1–O(3)#3 140.85(13) O(2W)–La1–O(4)#4 79.45(13) 
O(2W)–La1–O(5)#4 128.68(13) O(2W’)–La1–O(5)#4 116.27(12)   
O(2W’)–La1–O(1W) 83.90(13) O(2W’)–La1–O(5) 134.69(12) 
O(2W’)–La1–O(7) 75.62(12) O(2W’)–La1–O(6)#1 80.18(12) 
O(2W’)–La1–O(2)#2 73.78(12) O(2W’)–La1–O(3)#3 153.33(12) 
O(2W’)–La1–O(4)#4 67.38(12)   O(5)–La1–O(5)#4 74.36(6) 
O(5)–La1–O(7) 71.55(5) O(5)–La1–O(2W) 139.02(13) 
O(5)–La1–O(6)#1 144.53(6) O(5)–La1–O(2)#2 66.34(5) 
O(5)–La1–O(3)#3 69.55(5) O(5)–La1–O(4)#4 112.48(5) 
O(7)–La1–O(5)#4 139.30(5) O(7)–La1–O(2W) 71.19(13) 
O(7)–La1–O(6)#1 136.05(6) O(7)–La1–O(2)#2   70.40(5)   
O(7)–La1–O(3)#3 110.19(6) O(7)–La1–O(4)#4 129.11(5) 
O(6)#1–La1–O(2)#2 135.57(6) O(6)#1–La1–O(3)#3 78.29(6) 
O(6)#1–La1–O(4)#4 70.34(6) O(6)#1–La1–O(5)#4 84.43(6)   
O(2)#2–La1–O(3)#3 132.89(6) O(2)#2–La1–O(4)#4 66.63(6)    
O(2)#2–La1–O(5)#4 76.01(5)   O(3)#3–La1–O(4)#4 118.69(6) 
O(3)#3–La1–O(5)#4 77.07(5)   O(4)#4–La1–O(5)#4 49.25(5)     
Hydrogen bond interactions 
D-H···A d(D-H) Å d(H···A) Å d(D···A) Å <(DHA) ° 
O(1)-H(1)···O(2) 0.84 1.78 2.523(3) 146 
O(1W)-H(1W1)···O(1)#3 0.82(2) 1.98(2) 2.773(3) 162(4) 
O(1W)-H(1W2)···O(3W) 0.78(2) 2.28(3) 3.004(3) 155(3) 
O(2W’)-H(2W4)···O(3W)#2 0.82(4) 2.22(4) 3.006(6) 160 
O(3W)-H(3W1)···O(4)#3 0.83(2) 2.03(2) 2.800(3) 154(3) 
O(3W)-H(3W2)···O(1W)#5 0.80(2) 2.06(2) 2.862(3) 174(4) 
 
Symmetry code: #1 = -1+x,y,z          #2 = x,1+y,z         #3 = 1-x,1-y,1-z       #4 = 1-x,2-y,1-z      #5 = -x,1-y,-z       
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Table AIII.3. Examples of coordination networks with the 3,6-connected binodal net kgd; 
Shubnikov plane net (3.6.3.6)/dual topology. 
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Figure AIII.1. Coordination environment of La in LaHL.  
Symmetry codes: : #1 = -1+x,y,z          #2 = x,1+y,z         #3 = 1-x,1-y,1-z       #4 = 1-x,2-y,1-z      




Figure AIII.2. Topological structure of LaHL: dark gray = SBU; light gray = benzene ring of 
the ligand HL. 
 
 
Figure AIII.3. PXRD patterns of LaHL (simulated and experimental), La0.95Eu0.05HL, 





Figure AIII.4. PXRD patterns of TbHL, EuHL, La0.95Tb0.05HL and La0.95Eu0.05HL. 
 
 
Figure AIII.5.FTIR spectra of LaHL, La0.95Eu0.05HL, La0.95Tb0.05HL , La0.95Eu0.05DL•D2O 




Figure AIII.6. DSC/TGA curve of LaHL under argon at a heating rate of 3 K/min. 
 
 




Figure AIII.8. DSC/TGA curve of La0.95Eu0.05HL under argon at a heating rate of 3 K/min. 
 
 





Figure AIII.10. Excitation (solid line) and emission (dashed line) spectra of La0.95Tb0.05HL.  
 
 





Figure AIII.12. Emission spectrum of La0.95Eu0.05HL at 77 K. 
 
 




Figure AIII.14. Emission spectrum of La0.95Eu0.05DL•D2O at 77 K. 
 
 






Figure AIII.16. The decay curve of the ligand centered emission (425 nm) in LaHL (λexc = 
355 nm).  
 
 
Figure AIII.17. The emission spectra of LaHL in the solid state in the temperature range of 




Figure AIII.18. Overview of the relative sensitivity of coordination polymers used as 
ratiometric thermometers reported in this work and in literature.10-20  
 
 
Figure AIII.19. The reversible emission intensity ratio changes of La0.95Tb0.05HL. 
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Supplementary information on Chapter 4 
 
Table AIV.1. CIE coordinates of luminescence emission of Gd0.9Tb0.1HL under deferent 
temperature. 
Temperature (K) X Y 
110 0.2465 0.3552 
130 0.2504 0.3726 
150 0.2578 0.3942 
170 0.2685 0.4187 
190 0.2801 0.4462 
210 0.2872 0.4639 
230 0.2921 0.4804 
250 0.2941 0.4904 
270 0.2962 0.4969 
 
 
Figure AIV.1.Pictures of a) Gd2O3 substrate; b) TbHL film on Gd2O3 substrate; c) GdHL film 
on Gd2O3 substrate. d) Gd0.9Tb0.1HL film on Gd2O3 substrate. Top row: under ambient light; 
Bottom row: under 366 nm UV light. 
 
 
Figure AIV.2. Excitation spectra of a) TbHL film on Gd2O3 substrate (monitored at 541 nm); 
b) GdHL film on Gd2O3 substrate (monitored at 475 nm). c) Gd0.9Tb0.1HL film on Gd2O3 




Figure AIV.3. Luminescence decay curves of the 541 nm emission (TbIII, 5D4→
7F5 transition) 
in a) TbHL film and b) Gd0.9Tb0.1HL film. (λexc = 325 nm) 
 
 
Figure AIV.4. Overview of relative sensitivity of MOFs ratiometric thermometer reported in 




Figure AIV.5. The reversible emission intensity ratio changes of Gd0.9Tb0.1HL film. 
 
 
Figure AIV.6. a) Emission spectra of Gd0.99Tb0.01HL film in the temperature range of 110 -
270 K (ex = 325 nm). b) Temperature dependent luminescence intensity of the 5D4→7F5 
(triangle, TbIII at 541 nm) transition and the total emission intensity of from 350 nm to 650 




Figure AIV.7. The emission intensity ratio of I541 nm (Tb, 
5D4 → 
7F5, 541 nm) and I(phos+Tb) (the 
emission intensity from 350 nm to 650 nm) for the Gd0.99Tb0.01HL film as a function of 
temperature (black squares) with the fitting curve (dash line; R2 = 0.980) and the relative 
sensitivity curve (black line, left axis). 
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Supplementary information on Chapter 5 
 
Table AV.1. Crystallographic data collection and refinement of XL-Tb. 
Compound XL-Tb 
CCDC 1422060 
Chemical formula C37H27TbO21 
Formula mass 966.50 
Temperature (K) 173(2) 
Crystal system monoclinic 
Space group P 2/c 









Radiation type Cu Kα 
Density (calculated g/cm-3) 1.871 
Absorbance coefficient (mm-1) 11.007 
F (000) 1928 
Rint 0.047 
Crystal size (mm3) 0.13×0.05×0.01 
Goodness of fit on F2 1.028 
R1, wR2 [I>2σ(I)] 0.0308, 0.0674 




Table AV.2. Selected bond lengths, bond angles and hydrogen bonds in XL-Tb.  
Bond distances (Å) 
Tb-O(1W) 2.337(2) Tb-O(11) 2.582(2) 
Tb-O(13) 2.479(2) Tb-O(14) 2.254(2) 
Tb-O(21) 2.391(2) Tb-O(43)#1 2.292(2) 
Tb-O(42)#2 2.534(2) Tb-O(31)#3 2.259(2) 
Bond angles (Å) 
O(1W)–Tb–O(11) 79.32(8) O(1W)–Tb–O(13) 134.08(8) 
O(1W)–Tb–O(14) 149.23(8) O(1W)–Tb–O(21) 84.09(9) 
O(1W)–Tb–O(43)#1 70.94(9) O(1W)–Tb–O(42)#2 69.41(8) 
O(1W)–Tb–O(31)#3 95.08(9) O(11)–Tb–O(13) 71.93(7) 
O(11)–Tb–O(14) 113.36(8) O(11)–Tb–O(21) 51.97(7) 
O(11)–Tb–O(43)#1 84.48(8) O(11)–Tb–O(42)#2 118.11(7) 
O(11)–Tb–O(31)#3 163.23(8) O(13)–Tb–O(14) 76.34(8) 
O(13)–Tb–O(21) 104.08(8) O(13)–Tb–O(43) #1 71.31(9) 
O(13)–Tb–O(42)#2 156.40(8) O(13)–Tb–O(31)#3 102.25(8) 
O(14)–Tb–O(21) 83.11(8) O(14)–Tb–O(43)#1 135.67(9) 
O(14)–Tb–O(42)#2 80.06(8) O(14)–Tb–O(31)#3 79.40(9) 
O(21)–Tb–O(43) #1  133.49(8) O(21)–Tb–O(42) #2 72.32(7) 
O(21)–Tb–O(31)#3 143.77(8) O(43)#1–Tb–O(42)#2 128.56(9) 
O(43)#1–Tb–O(31)#3 78.75(8) O(42)#2–Tb–O(31)#3 73.55(8) 
Hydrogen bond interactions 
D-H···A d(D-H) Å d(H···A) Å d(D···A) Å <(DHA) ° 
O(1W)-H(1W1)···O(12) 0.84(3) 1.89(3) 2.651(3) 151 
O(1W)-H(1W2)···O(34)#4 0.84(3) 2.09(4) 2.826(4) 146 
O(22)-H(22A)···O(24)#5 0.84 1.69 2.480(3) 156 
O(23)-H(23A)···O(11) 0.84 1.87 2.630(4) 150 
O(32)-H(32)···O(21)#2 0.84 1.70 2.525(3) 168 
O(41)-H(41A)···O(33)#6 0.84 1.66 2.475(3) 161 
O(44)-H(44A)···O(12)#3 0.84 1.95 2.779(3) 168 
Symmetry code: #1 = -x,2-y,1-z    #2 = 1-x,1-y,1-z      #3 = x,2-y,1/2+z        #4 = x,2-y,-1/2+z     
#5 = x,-1+y,z             #6 = -x,y,1/2-z 
Table AV.3. CIE coordinates of luminescence emission of XL-Ln (Ln = Sm, Eu, Tb, Dy) and 
XL-EuxTb1-x (x = 0.2, 0.4, 0.6 and 0.8). 
name X Y 
XL-Sm 0.433 0.295 
XL-Eu 0.569 0.313 
XL-Tb 0.319 0.600 
XL-Dy 0.366 0.379 
XL-Eu0.2Tb0.8 0.371 0.563 
XL-Eu0.4Tb0.6 0.424 0.516 
XL-Eu0.6Tb0.4 0.532 0.381 
XL-Eu0.8Tb0.2 0.569 0.313 
 
Table AV.4. The lifetime and energy transfer efficiency of XL-EuxTb1-x (x = 0.2, 0.4, 0.6 and 
0.8). 
Sample τ (Tb, 5D4) (ms) P(s
-1) η 
XL-Tb 0.814 -- -- 
XL-Eu0.2Tb0.8 0.755 0.096103 0.072 
XL-Eu0.4Tb0.6 0.659 0.289103 0.190 
XL-Eu0.6Tb0.4 0.598 0.444103 0.265 
XL-Eu0.8Tb0.2 0.567 0.535103 0.303 
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Figure AV.1. The coordination environment of TbIII in XL-Tb.  
(Symmetry code: #1 = -x,2-y,1-z    #2 = 1-x,1-y,1-z      #3 = x,2-y,1/2+z) 
 
 
Figure AV.2. Powder XRD pattern of a) simulated pattern from the single crystal structure of 





Figure AV.3. FTIR spectra of XL-Sm, XL-Eu, XL-Gd, XL-Tb and XL-Dy. 
 
 





Figure AV.5. Solid state absorption spectrum of XL-Gd.  
 
 
Figure AV.6. Phosphorescence spectrum of XL-Gd at 77 K and its deconvolution with 
Gaussians. Black: experimental spectrum; red: Gaussian components of the phosphorescence 




Figure AV.7. The emission spectra of XL-EuxTb1–x. a) x = 0.2; b) x = 0.4; c) x = 0.6; d) x = 
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Figure AVI.1. 1H-NMR spectrum of ligand L. 
 
 









Lanthanoide-bevattende coördinatiepolymeren (Ln CPs), gevormd door zelfassemblage van 
organische liganden en lanthanoide-ionen, combineren de veelbelovende eigenschappen van 
overgangsmetaal-CPs, zoals een goed gedefinieerde structuur en grote specifieke oppervlakte, 
met de eigenschappen van lanthanoide ionen, in het bijzonder luminescentie en magnetisme. 
Omdat de oxidatietoestand en chemische eigenschappen van de lanthanoide-ionen onderling 
zeer vergelijkbaar zijn is het mogelijk om CPs te maken met daarin twee of meer soorten Ln 
ionen. Dergelijke verbindingen vertonen emissie van elk van de individuele Ln ionen, of van 
Ln ionen en liganden. Deze dubbel-emissie Ln CPs zijn geschikt voor het meten van 
temperatuur of het detecteren van kleine moleculen. De verhouding van de intensiteit van 
twee verschillende emissiepieken kan worden gebruikt als parameter voor de temperatuur. 
Ook dunne films van CPs zijn veelbelovend voor toepassing als sensor en 
scheidingsmateriaal, echter is er relatief weinig onderzoek gedaan naar Ln CPs vanwege de 
uitdagende syntheses. In Hoofdstuk 1 van dit proefschrift wordt een algemene inleiding 
gegeven tot de lanthanoide-ionen, hun luminescentie en het antenne-effect van de liganden. 
Vervolgens wordt een overzicht gegeven van Ln CPs met nadruk op de gebruikte organische 
liganden. Hierna volgt een bespreking van de oorsprong van de luminescentie in Ln CPs en 
dubbele-emissie Ln CPs. Tot slot volgt een bespreking van de bereidingswijzen van 
coördinatiepolymeren en dunne films van CPs en wordt een aantal substraten voor zulke films 
vergeleken. 
Een gemengd-lanthanoide metaal-organisch rooster voor ratiometrische bepaling van 
cryogene temperaturen 
Zoals besproken in Hoofdstuk 1 zijn rigide liganden met aromatische carboxylaatgroepen 
(Ar-COO–) geschikt voor de vorming van kristallijne coördinatiepolymeren. Bovendien is uit 
eerder onderzoek gebleken dat liganden met fenolaatgroepen goede antennes zijn voor het 
TbIII ion. Om deze redenen is het ligand 5-hydroxy-1,2,4-benzeentricarboxylzuur (H4L) 
gebruikt bij de synthese van een serie lanthanoide-bevattende metaal-organische roosters 
(MORs) LnHL, met de algemene formule {[Ln2(HL)2(H2O)3]·5.5H2O}n, (Ln = Eu
III, TbIII, 
GdIII), zoals beschreven in Hoofdstuk 2. Door een mengsel van lanthanoidezouten te 
gebruiken als uitgangsstof zijn gemengd-lanthanoide MORs bereid. Analyse met poeder 
röntgendiffractie en infraroodspectroscopie toonde aan dat de verkregen materialen 
isostructureel zijn. De eenkristalstructuur van [Tb2(HL)2(H2O)3]·5.5H2O toont de 
aanwezigheid van 1D kanalen en 1D Ln ketens parallel aan de c-as. Uit 
luminescentiespectroscopie bleek dat de verbinding TbHL intense groene emissie vertoont 
welke karakteristiek is voor het TbIII ion, terwijl de isostructurele EuIII verbinding EuHL geen 
EuIII gecentreerde emissie vertoont als gevolg van concentratie-uitdoving. Geïnspireerd door 
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eerder werk aan op lanthanoiden gebaseerde ratiometrische luminescentiethermometers werd 
de temperatuurafhankelijkheid van de luminescentie van de gemaakte gemengd-lanthanoide 
MORs bestudeerd. Temperatuurafhankelijke emissiespectra laten zien dat de verbinding 
Tb0.95Eu0.05HL een goede temperatuurgevoeligheid heeft over een breed temperatuurbereik 
van 4 tot 290 K. Er is bovendien vastgesteld dat het mechanisme dat verantwoordelijk is voor 
de temperatuurgevoeligheid niet slechts gebaseerd is op fonongeassisteerde energieoverdracht 
van TbIII naar EuIII, maar ook op fonongeassisteerde energieoverdracht tussen 
aaneengrenzende TbIII ionen in de 1D ketens. De verbinding vertoont in het bijzonder goede 
eigenschappen in het cryogene temperatuurgebied van 4–50 K met een 
temperatuurgevoeligheid van tot 31% K–1 bij 4 K. Dit is de eerste keer dat is aangetoond dat 
fonongeassisteerde energieoverdracht tussen aaneenliggende TbIII ionen verantwoordelijk is 
voor de werking van een op lanthanoiden-gebaseerde luminescente MOR thermometer. 
Ratiometrische thermometer gebaseerd op een lanthanoide coördinatiepolymeer 
Zoals aangetoond in Hoofdstuk 2 en gerelateerd werk, kunnen dubbel-emissie lanthanoide 
coördinatiepolymeren worden gebruikt als ratiometrische luminescentiethermometers. Veel 
van dergelijke thermometers die zijn beschreven in de literatuur hebben TbIII- en EuIII-ionen 
als emitterende centra. Het is ook mogelijk om een combinatie van ligand- en 
lanthanoidegecentreerde emissie te gebruiken voor ratiometrische temperatuurbepaling. In dit 
geval is de temperatuurgevoeligheid gebaseerd op het feit dat de emissie van het ligand veel 
sterker temperatuurgevoelig is dan die van het Ln-ion. Omdat het lanthaanion geen 4f 
elektronen heeft vertonen LaIII complexen slechts ligandgecentreerde emissie. Er is een nieuw 
2D lanthanoide coördinatiepolyeer (met de algemene formule {[La(HL)(H2O)2]·H2O}n) 
gemaakt gebaseerd op het ligand H4L beschreven in Hoofdstuk 2, door gebruik te maken van 
LaCl3·7H2O als uitgangsstof. Als gevolg van de grotere ionenstraal van La
III in vergelijking 
met dat van EuIII en TbIII heeft het gevormde coördinatiepolymeer niet een 3D 
netwerkstructuur zoals de Eu en Tb verbindingen, maar een 2D lagenstructuur. Doteren van 
kleine hoeveelheden Eu en Tb in de La-verbinding heeft geen invloed op deze lagenstructuur, 
zoals is aangetoond met poeder röntgendiffractie. Met behulp van temperatuurafhankelijke 
emissiespectra is aangetoond dat de ligandgecentreerde emissie inderdaad een 
temperatuursafhankelijkheid heeft, terwijl de emissie van TbIII vrijwel onafhankelijk is van de 
temperatuur. De verbinding La0.95Tb0.05HL kan dus worden ingezet als een ratiometrische 
thermometer gebaseerd op de verhouding van de intensiteiten van de ligand- en TbIII-
gecentreerde emissie, in het temperatuurbereik van 90 – 280 K met een gevoeligheid tot 
0.53% K–1 bij 280 K. Een aantal voorbeelden van ratiometrische luminescente thermometers 
welke gebaseerd zijn op de temperatuursafhankelijke fosforescentie van het ligand of 
ingesloten kleurstoffen is gerapporteerd. Echter, het in dit werk omschreven La0.95Tb0.05HL is 
de eerste op een LaIII coördinatiepolymeer-gebaseerde ratiometrische thermometer die gebruik 
maakt van temperatuursafhankelijke fosforescentie. 
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Eenstapsgroei van lanthanoide metaal-organisch rooster (MOR) films voor 
temperatuurdetectie onder solvothermale condities 
Zoals in Hoofdstuk 1 is beschreven zijn MOR films mogelijk bruikbaar als sensor of voor 
scheiding. De meeste MOR films die in de literatuur zijn gerapporteerd zijn gebaseerd op 
overgangsmetaalionen. Door de relatief uitdagende synthese van op lanthanoiden-gebaseerde 
MORs zijn deze echter tot nu toe weinig gerapporteerd. MOR films die gebaseerd zijn op 
overgangsmetalen kunnen worden gegroeid op substraten zoals overgangsmetalen of oxides 
daarvan. Hierdoor geïnspireerd wordt in Hoofdstuk 4 beschreven dat Gd2O3 kan dienen als 
substraat voor de groei van Ln MOR films, waarvoor de Ln-gebaseerde MOR uit Hoofdstuk 2 
is gebruikt. Er wordt aangetoond dat het inderdaad mogelijk is om deze Ln-gebaseerde MOR 
als een defectvrije film te groeien op het oppervlak van Gd2O3. Als verklaring wordt 
voorgesteld dat de Gd-centra aan het oppervlak de nucleatie van de MOR verbeteren, 
aangezien het niet mogelijk is gebleken om een Ln-MOR film te groeien aan het oppervlak 
van poreus Al2O3. Ook is bepaald in hoeverre de film geschikt is voor het meten van de 
temperatuur. De film met samenstelling Gd0.9Tb0.1HL bleek mogelijk geschikt te zijn als 
thermometer in het temperatuurbereik van 110 – 250 K, met een relatieve gevoeligheid van 
tot 0.8% K–1, terwijl de film van Gd0.99Tb0.01HL met een lager Tb-gehalte een relatieve 
gevoeligheid had van 4.4% K–1 bij 110 K. Er is dus voor de eerste keer aangetoond dat Gd2O3 
goed ingezet kan worden als substraat voor de groei van Ln-gebaseerde MOR films. 
Synthese, structuur en fotoluminescente eigenschappen van lanthanoide 
coördinatiepolymeren gebaseerd op tetrakis(3,5-dicarboxyfenoxymethyl)methaan 
Gemengd-lanthanoide coördinatiepolymeren zijn veelbelovend als detectoren voor 
temperatuur en kleine moleculen. Zoals besproken is in Hoofdstuk 1 zijn liganden met 
aromatische carboxylaatgroepen (Ar-COO–) zeer geschikt voor de synthese van lanthanoide 
coördinatiepolymeren. In Hoofdstuk 5 wordt beschreven hoe een nieuw dendrimeer-type 
ligand met acht carboxylaatgroepen (H8L) is gebruikt voor de synthese van 
lanthanoidecomplexen. De hydrothermale syntheseroute gaf eenkristallen van hoge kwaliteit. 
Met eenkristal röntgendiffractie aan de verbinding [Ln2(H6L)(H4L)(H2O)2]n (Ln = Sm
III, EuIII, 
GdIII, TbIII, DyIII) is aangetoond dat het ligand op twee verschillende manieren bindt, en dat de 
verbinding de tamelijk zeldzame {44·62}{46·64}{48·67} topologie heeft. Uit 
luminescentiestudies volgt dat het ligand in staat is om de luminescentie van de ionen SmIII, 
EuIII, TbIII en DyIII aan te slaan. De kleur van de emissie kan tussen rood en groen worden 
gevarieerd door de verhouding Eu- en Tb-zouten in de hydrothermale synthese te veranderen. 
De efficiëntie van de energieoverdracht in de gemengd-lanthanoide verbindingen is bepaald. 
Er is aangetoond dat de efficiëntie behoorlijk veel lager is dan die in de MORs uit Hoofdstuk 
2 met dezelfde ratio in het LnIII-mengsel, als gevolg van grotere afstanden tussen de Ln ionen 
in het kristalrooster. Dit soort materialen, met hun afstembare kleur, zijn mogelijk bruikbaar 
als ratiometrische sensor en in opto-elektronische of labeling-toepassingen. 
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Synthese en fotofysische eigenschappen van een hoogluminescente EuIII-bevattende hybride 
dunne film 
Over het algemeen vertonen lanthanoidecomplexen een lage stabiliteit wanneer zij worden 
blootgesteld aan UV-straling. Bovendien worden mogelijke technologische toepassingen van 
de complexen beperkt door de slechte mechanische eigenschappen. Een van de mogelijke 
manieren om dit probleem aan te pakken is door deze verbindingen in te sluiten in een rigide 
matrix, zoals bijvoorbeeld silica. De resulterende hybride materialen kunnen vervolgens in de 
vorm van een dunne film worden ingezet voor de omzetting of concentratie van zonne-
energie. In Hoofdstuk 6 wordt de synthese beschreven van een luminescente lanthanoide-
bevattende film op glas als substraat. Deze film werd middels de sol-gel methode gemaakt 
met een nieuw, gesilyleerd 2,6-diaminopyridyl ligand L en de verbinding [Eu(dbm)3(H2O)2]. 
Een brede band bij 1039 cm–1 in het infraroodspectrum van de film bewijst dat de Si-O-Si 
matrix is gevormd. De hogere intensiteit van de emissie van het EuIII-ion en de toegenomen 
halfwaardetijd van de emissie in deze hybride film tonen aan dat de watermoleculen die aan 
EuIII gecoördineerd zijn in [Eu(dbm)3(H2O)2], in de film zijn vervangen door pyridyl- en 
amide-donoratomen van het ligand L. Het kwantumrendement van de luminescentie van deze 
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